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ABSTRACT
WRINKLING, FOLDING, AND SNAPPING
INSTABILITIES IN POLYMER FILMS
SEPTEMBER 2009
DOUGLAS PETER HOLMES
B.Sc., UNIVERSITY OF NEW HAMPSHIRE
M.Sc., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Alfred J. Crosby
This work focuses on understanding deformation mechanisms and responsive-
ness associated with the wrinkling, folding, and snapping of thin polymer films. We
demonstrated the use of elastic instabilities in confined regimes, such as the crumpling
and snapping of surface attached sheets. We gained fundatmental insight into a thin
film’s ability to localize strain. By taking advantage of geometric strain localization
we were able to develop new strategies for responsive surfaces that will have a broad
impact on adhesive, optical, and patterning applications.
Using the rapid closure of the Venus flytrap’s leaflets as dictated by the onset
of a snap instability as motivation, we created surfaces with patterned structures to
transition through a snap instability at a prescribed stress state. This mechanism
causes surface topography to change over large lateral length scales and very short
timescales. Changes in the stress state can be related to triggers such as chemical
viii
swelling, light-induced architecture transitions, mechanical pressure, or voltage. The
primary advantages of the snap transition are that the magnitude of change, the rate
of change, and the sensitivity to change can be dictated by a balance of materials
properties and geometry. The patterned structures that exhibit these dynamics are
elastomeric shells that geometrically localize strain and can snap between concave
and convex curvatures. We have demonstrated the control of the microlens shell
geometry and that the transition time follows scaling relationships presented for the
Venus flytrap. Furthermore, the microlens arrays have been demonstrated as surfaces
that can alter wettability.
Using a similar novel processing technique, microarrays of freestanding elastomeric
plates were placed in equibiaxial compression to fabricate crumpled morphologies with
strain localized regions that are difficult to attain through traditional patterning tech-
niques. The microstructures that form can be initially described using classical plate
buckling theory for circular plates under an applied compressive strain. Upon the
application of increasing compressive strain, axisymmetric microstructures undergo a
secondary bifurcation into highly curved, nonaxisymmetric structures. The inherent
interplay between geometry and strain in these systems provides a mechanism for
generating responsiveness in the structures. By swelling the elastomeric plates with a
compatible solvent, we demonstrated the microstructures ability to reversibly switch
between axisymmetric and nonaxisymmetric geometries.
To further explore the localization of strain in materials, we have fabricated
sharply folded films of glassy, homogenous polymers directly on rigid substrates. The
films were uniaxially compressed and buckle after delaminating from the substrate.
As the applied strain is increased, we observed strain localization at the center of
the delaminated features. We found that normally brittle, polystyrene films can ac-
commodate excessive compressive strains without fracture by undergoing these strain
localizing fold events. This technique provided a unique way to examine the curvature
ix
and stability of folded features, but was not adequate for understanding the onset of
folding.
By taking thin films, either glassy or elastomeric, and simply lifting them from the
surface of water, we observed and quantified the wrinkle-to-fold transition in an ax-
isymmetric geometry. The films initially wrinkle as they are lifted with a wavelength
that is determined by the film thickness and material properties. The wrinkle-to-fold
transition is analogous to the transition observed in uniaxially compressed films, but
the axisymmetric geometry caused the fold to act as a disclination that increased the
radial stress in the film, thereby decreasing the wavelength of the remaining wrinkles.
Further straining the films caused the remaining wrinkles to collapse into a discrete
number of folds that is independent of film thickness and material properties.
x
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CHAPTER 1
INTRODUCTION
1.1 Project Overview
Elastic instabilities are commonly exhibited throughout everyday life across a wide
variety of material systems. Wrinkles may form on the skin of a fruit or a human.
A can of soda will buckle under a compressive load. The Venus flytrap will snap its
wings shut to capture its prey. These examples are among many that are ubiquitous in
nature. In general, an elastic instability occurs when multiple equilibrium states exist
for a system, causing the system to select the most energetically favorable state. An
important consequence of this, in general, is that the selection of the most favorable
equilibrium state occurs almost instantly once this bifurcation point is reached. In
the case of the Venus flytrap, the rapid closure of the plant’s leaves (∆t ≈ 100ms) is
caused by the slow storage of elastic energy followed by its rapid release [1]. Plants are
not known for their ability to move quickly, yet the snap-buckling elastic instability
was one way nature devised to enable rapid plant movements [2].
Elastic instabilities, such as the snapping of the Venus flytrap’s leaves, provide
ample inspiration and design criteria for rapid, responsive synthetic systems. A re-
sponsive surface is one that can dynamically change its properties or shape in response
to a specific trigger, or stimulus. It is easy to imagine the vast impact such surfaces
would have on the development of dynamic devices. Possible applications include
switchable adhesives [3–6], optical switches [7, 8], drug delivery [9–11], and chem-
ical sensing [12–14]. Traditional synthetic avenues for creating responsive systems
include shape-memory materials that exhibit a predetermined response to environ-
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mental changes, which may alter the material’s shape or properties [15, 16]. These
systems offer a unique advantage in a material’s ability to macroscopically respond
to a variety of external stimuli, but the response time is typically on the order of
several minutes to several hours. Alternatively, material systems involving surface
functionalization provide a reversible system focused on tuning the interface for spe-
cific applications [17, 18]. These systems are tunable and adaptable, but a notable
drawback is their inability to change global surface properties over a fast time scale.
A general overview on responsive systems found synthetically and in nature can be
found in Appendix A.
The primary motivation for this thesis is using the lessons from nature, such as
the Venus flytrap, to create responsive surfaces and structures that change over a
large length scale and small time scale. We have prepared an array of microstruc-
tures that exhibit a snap-buckling elastic instability to rapid change concavity on
a surface. Using a similar technique we fabricated crumpled elastomeric plates with
strain localized regions that have inherent responsiveness in their microstructures. To
further explore the localization of strain we fabricated sharply folded films onto rigid
substrates. We finally studied the instability that causes a fold to develop by observ-
ing the wrinkle-to-fold transition in thin, draping films. This thesis will examine the
impact of strain localization within thin films on responsive elastic instabilities such
as wrinkling, folding, and snapping.
1.2 Background
Before proceeding, it is important to elaborate on three general concepts that will
be discussed throughout this thesis. First, what is elastic stability? Second, what
is snap-buckling? Finally, what is strain localization, and how does it apply to the
structures we will discuss in this work?
2
1.2.1 Elastic Stability
Figure 1.1: Equilibrium of a Rigid-Body System. A ball in three equilibrium positions:
a. the ball resting on the concave surface is in a stable equilibrium because any lateral
displacement will increase the energy of the system, b. the ball on the convex surface is un-
stable since a lateral displacement will lower the ball’s center of gravity, thereby decreasing
the system’s potential energy, and c. the ball on the flat surface is in neutral equilibrium
since lateral displacement will not impact the potential energy of the system.
The simplest way to address the question of stability is by considering the equilib-
rium configurations of rigid-body systems [19]. Let us consider the three equilibrium
positions of ball shown in figure 1.1. It is clear from this illustration that the ball
on the concave surface is in stable equilibrium (Figure 1.1a), the ball on the convex
surface is in unstable equilibrium (Figure 1.1b), while the ball on the flat surface is
in neutral equilibrium (Figure 1.1c). Physically, the equilibrium of each configuration
can be determined by considering the energy of the system [19]. In the first case, any
lateral displacement of the ball from its equilibrium position will raise its center of
gravity. Such a displacement requires the addition of work, thereby increasing the
potential energy of the system. For the ball resting on the convex surface, any dis-
placement lowers the ball’s center of gravity, causing a decrease in potential energy.
Therefore, in a stable equilibrium the energy is at a minimum, while in an unsta-
ble equilibrium the energy is at a maximum. The ball resting on the flat surface is
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in neutral equilibrium because lateral displacement has no impact on the system’s
potential energy.
In the case of beams or plates, a lateral deflection means an increase in the strain
energy of the system, ∆UB. In a similar manner, the load, P , will move through a
small distance of the material and do work equal to ∆US. The beam or plate will
remain stable and undeflected when:
∆UB > ∆US (1.1)
and unstable when:
∆UB < ∆US (1.2)
When a load, P , is applied to the top of the beam the bar becomes displaced by the
small angle, α (Figure 1.2a). This displacement effectively lowers the load by the
amount:
l(1− cosα) ≈ lα
2
(1.3)
The decrease in the potential energy of the load is equivalent to the work done by P :
∆US =
Plα2
2
(1.4)
In a similar manner, the spring, with a spring constant β, must elongate by the
amount αl to accommodate the load, thereby increasing the strain energy of the
spring:
∆UB =
β(αl)2
2
(1.5)
From equations 1.1 and 1.2 we know that the beam will be stable when:
β(αl)2
2
>
Plα2
2
(1.6)
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and unstable when:
β(αl)2
2
<
Plα2
2
(1.7)
Therefore, the critical load for when the equilibrium configuration changes from stable
to unstable, as illustrated in figure 1.2b, occurs when [19]:
∆UB = ∆US (1.8)
allowing us to calculate the critical load to buckle a beam:
Pc = βl (1.9)
Figure 1.2: Euler Buckling Schematic. An illustration of the Euler buckling of beam under
uniaxial loading along with the corresponding load vs. displacement curve for the buckled
and unbuckled equilibrium states.
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1.2.2 Stability of Nonlinear Shells
With a general understanding of elastic stability it is important to note that one of
the most effective thin-walled structures in engineering is the geometrically nonlinear
shell. The shell’s ability to use lightweight design to create high-strength materials
has led to its use in aerospace materials, chemical apparati, and building construc-
tions [20]. The inherent nonlinear behavior of these shells under loading makes de-
scribing the deformation and stability of geometrically nonlinear shells very complex.
Considering the shell to be a continuous system with an infinite number of degrees of
freedom and two stable states allows stability loss to occur by snapping. Unlike the
stability loss in a classical sense occuring by bifurcation (e.g. Euler Buckling) which
is a loss of stability in the small, snap-buckling is a loss of stability in the large [20].
The distinction being in the case of snap-buckling the pre- and post-critical states
are separated by a finite distance, while in Euler buckling the two states are infinitely
close together. To understand the behavior of nonlinear shells we define the initial
shape with a nondimensional, geometric parameter called the apex rise:
ξ¯ ≡ w
h
(1.10)
where w is the shell height at the center and h is the shell thickness. We can therefore
describe the characteristic response curve for a shell with a clamped boundary loaded
by a uniform pressure, q, for different initial shell geometries 1.3 [20]. Each load-
displacement curve represents the equilibrium states of the cap at various loads, where
ξ is displacement of the apex. From figure 1.3 it is clear that for a circular plate (ξ¯ = 0)
there is only one state of equilibrium for each value of q. The equilibrium curves, or
response curves, for spherical caps where ξ¯ ≥ 2 are no longer monotonic and exhibit
a maxima and minima. These shells therefore may exhibit a loss of stability via a
snap-buckling process between two equilibrium states.
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Figure 1.3: Characteristic Stability Curves for Nonlinear Shells. The axisymmetric re-
sponse of a clamped spherical cap under uniform pressure q for different initial geometries
that are described by the shell’s height and thickness, ξ¯ ≡ w/h (i.e. ξ¯ = 0 to ξ¯ = 4). There
is only one state of equilibrium for values of q > −2, while two equilibrium states exist
when q ≤ −2. Figure reproduced from Shilkrut et al. [20].
The response curve for ξ¯ = 2 is given in figure 1.4. The transition from point A to
point B is a snapping process due to the increasing load. Once in the second, stable
equilibrium state, if the load is then decreased from point B to point C, the shell
will snap-back (C to D) to its initial geometry. The load values at points A and C
represent the upper and lower critical loads of the shell, respectively. This snapping
phenomena cannot be fully understood from these equilibrium curves because it is
a transient process which requires solving the corresponding nonlinear equations of
motion to properly describe it. The most important conclusion regarding the char-
acteristics of the nonlinear behavior of shells is the possibility of the existence of
more than one equilibrium state for the same value of an external load [20]. While
figures 1.3 and 1.4 illustrate only two distinct equilibrium states, the total number of
states, n, increases for very deep spherical caps, such that [21]:
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Figure 1.4: Nonlinear Shell Behavior. Various types of nonlinear behavior for a spherical
cap under uniform pressure q. A shell loaded from the initial geometry at point D to point
A will snap to point B at a critical load q+. Similarly, decreasing the load from point B to
point C will cause the shell to snap-back. Figure reproduced from Shilkrut et al. [20].
n ∼
(
q
E
)1/2(
h
R
)−3/2
(1.11)
where E is the Young’s elastic modulus, R is the radius of curvature, and A is depends
on the form of the shell and on its Poisson’s ratio ν.
1.2.3 Focusing & Localization
The concepts described in classical beam bending and buckling can be applied to
a two-dimensional planar object. Imagine a thin sheet within a spherical container.
Hydrostatically decreasing the volume of the spherical container will cause the sheet
to deform, ultimately developing bends and sharp folds. These sharp structures are
generally described as crumpling and represent a form of energy focusing [22]. The
shrinking spherical container causes the initially smoothly distributed elastic energy
of deformation to become more nonuniform and concentrated within strongly bent
8
regions. The thinner the initial sheet, the more pronounced the stress concentration
and strongly bent regions become.
The spontaneous localization of energy impacts a wide array of physical prob-
lems. Considering the chaotic fluid motion commonly described as turbulence, it is
understood that the kinetic energy injected uniformly into a fluid becomes progres-
sively concentrated in regions of strong vorticity in space and strong intermittency in
time [23]. Shock waves are caused by the focusing of strong vibrational excitations
within a system [24]. Another common example is the strong mechanical response of
solids under uniform perturbation causing a focused response leading to fracture [25].
The focusing and localization of energy that would normally distribute itself evenly
in space is counterintuitive yet important to understand in order to utilize its benefits
while minimizing its drawbacks.
In a general sense, systems with multiple stable symmetries may respond to a
homogeneous energy input by spontaneously localizing this energy into small re-
gions [26, 27]. The areas of localization have no characteristic length scale, and may
increase in size or number as more energy is added to the system. If we consider the
total strain energy per volume of a system to be:
UV
V
=
∫
V
σdε
V
(1.12)
then we can describe a localization event as one where the strain energy in a volumetric
segment, V ′ is greater than the strain energy of the total system volume:
UV
V

∫
V ′ σdε
V ′
(1.13)
Focusing on the mechanical response of beams and plates, the Euler buckling
instability described in the previous section provides information about the initial
stages of a focused, crumpled structure, but does not describe focusing. Subsequent
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work with the Fo¨ppl-von Karman equations cannot describe nonlinear coupling events
that can lead to localized buckling events within a sheet. These regions of localized
buckling describe a focusing of energy from the entire sheet into a small region and
describe a form of stress focusing that represents a precursor to sharply focused events.
The ability for a thin sheet or membrane to form stretching ridges and developable
cones (d-cones) in response to confinement allows the formation of sharply focused
features. The interaction of these structural elements, although presently still not
well understood, interact to form crumpled sheets.
1.3 Thesis Organization
In Chapter 2, we will build on lessons from the closure of the Venus flytrap’s leaves
and the snap-through of a spherical shell to develop a simple, robust, biomimetic re-
sponsive surface. The surface will consist of an array of shell microstructures that
can deform or change concavity in response to an external trigger. These microstruc-
tures exhibit a snap-buckling elastic instability that is similar to the mechanism for
leaf closure of the Venus flytrap. Using the design principles from nature and shell
mechanics, we will investigate and develop a surface of tunable microstructures that
can rapidly snap between two topographies in response to external stimuli. The use
of elastic instabilities to control surface properties creates a novel design paradigm
for the generation of responsive surfaces.
In Chapter 3, we will focus on the localization of strain that occurs in the spher-
ical microstructures introduced in Chapter 2. We will present a simple patterning
method to generate a variety of tunable surface topographies that would be difficult
to achieve using current fabrication techniques. We will use classical plate mechanics
and shell theory to explain the formation, buckling, and post-buckling response of
the microstructures. We will use strain to dictate the microstructure’s shape which
allows us to explore their ability to dynamically and reversibly change shape. This
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surface patterning strategy will bring a greater understanding to the ability for a shell
to localize strain, while also offering a novel approach for the fabrication of the next
generation of surface patterns, especially in the context of responsive materials.
In Chapter 4, we will continue to explore the existence of strain localizations
within polymer films. By simplifying the geometry away from circular plates under
biaxial compression to films under uniaxial compression we will better understand the
localization of strain. Our focus will be on the delamination and subsequent folding
of ultrathin, brittle polymer films. We will present sharply folded nanostructures
with widths on the order of nanometers and lengths on the order of millimeters. The
folding of ultrathin films in confined geometries will provide insight into the material’s
properties, as well as insight into controlling the next generation of nanoscale feature
morphology and structure.
In Chapter 5, we will build on our understanding from Chapter 4 on the local-
izations that can form within thin polymer films and focus on understanding the
wrinkle-to-fold transition in films. The wrinkle-to-fold transition of films under ax-
isymmetric conditions is commonly observed in nature from cell morphology to the
ciliary body of the eye [28]. We will explore this transition by simply lifting a thin
film from the surface of water. We will look to explain the formation of wrinkles with
a characteristic wavelength, and explore the displacement at which these wrinkles col-
lapse to folds. We will also illustrate how fold formation in an axisymmetric geometry
impacts the stress on the remaining regions of the film. Understanding the linear and
nonlinear behavior of thin films confined to soft or fluid substrates provides critical
insight towards their use in biological and synthetic soft material enviroments.
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CHAPTER 2
SNAPPING SURFACES
2.1 Introduction
The responsive mechanism of the Venus flytrap has captured the interest of scien-
tists for centuries. Although a complete understanding of the mechanism controlling
the Venus flytrap movement has yet to be determined, a recent publication by Forterre
et al. [1] demonstrates the importance of geometry and material properties for this
fast, stimuli-responsive movement. Specifically, the movement is attributed to a snap-
through elastic instability whose sensitivity is dictated by the length scale, geometry,
and materials properties of the features [2] (Figure 2.1a). In this chapter, we will focus
on using lessons from the Venus flytrap to design a responsive surface (Figure 2.1b).
This work will focus on four key questions. First, can we develop a simple fabri-
cation technique to prepare surfaces with topographic features that rapidly change
morphology? Second, can we predict and control the shape of the features? Third,
how can we generate a snap-through instability in the structures that responds with
a tunable time scale? Finally, can we demonstrate the structure’s responsive ability
for property control?
2.2 Experimental Approach
To fabricate the active surface structures, we use the Euler buckling of plates to
generate a controlled array of microlens shells under equibiaxial compressive stress
(Figure 2.2). First, we pattern cylindrical posts of photoresist onto a silicon wafer
and micromold poly(dimethylsiloxane) (PDMS) (Sylgard 184TM) elastomer onto it,
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Figure 2.1: Venus Flytrap. Snap-through of the Venus flytrap leaves from concave (a1)
to convex (a2) occurs through the onset of an elastic instability. Our responsive surface
of concave (b1) microlenses uses the same process to snap to a convex topography (b2) in
∼ 30ms.
creating an array of holes. This elastic, PDMS array of holes is then placed in equi-
biaxial strain through a simple inflation procedure. A thin film of crosslinked PDMS
(typically h = 15 to 60µm) coated with a thin (h ∼ 1µm) layer of uncured PDMS
is placed on the surface of the strained holes. The assembly is heated to crosslink
the uncured PDMS and bond the film to the array of holes while under equibiaxial
tension. Releasing the tension causes an equibiaxial compressive strain to develop
in the thin PDMS coating. The associated compressive stresses cause the circular
plate of PDMS on the surface of each hole to buckle, thus creating an array of convex
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microlenses. This technique for microlens preparation is simple, robust, and should
be scalable to much smaller length scales across a multitude of materials.
Figure 2.2: Fabrication Schematic. A schematic of the snapping surface preparation along
with images of the biaxial inflator. An elastomeric thin film is bonded to a substrate with
an array of circular holes that is under biaxial tension. Release of the biaxial tension causes
the plates to buckle into spherical caps.
2.3 Results & Discussion
2.3.1 Shell Microstructure Geometry
As a first estimate, the curvature of the microlenses can be predicted by a con-
servation of surface area, where the cross-sectional area of the hole under equibiaxial
tension should equal the surface area of the resultant spherical shell.
pia2i = 2piRw (2.1)
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where ai is the initial radius of the inflated hole, R is the shell radius of curvature,
and w is the vertical displacement of the shell. While the critical stress that develops
from the applied biaxial compression dictates the formation of lenses and is dependent
on the film thickness and material properties, the critical strain for formation is
independent of material properties and thickness. Accordingly, the geometry of the
microlenses produced in our experiments was independent of film thickness for the
limited range measured (h = 15 to 60µm). Therefore, for a mechanically uncoupled
shell, the ratio of the amplitude of the shell to the radius of the hole is proportional
to the applied strain (Figure 2.3), where a is the unstrained radius of the hole, ε is
the applied strain, and w is the shell’s amplitude:
w
a
=
√
ε(2 + ε) (2.2)
2.3.2 Shell Inversion
To direct the transition from convex to concave curvature, the stress in the shell
structure must be controlled. As described in the continuum mechanics of shell struc-
tures, at a critical applied stress an elastic instability will occur [20], similar to Euler
buckling of a beam. This critical stress is determined by the balance of geometric
and mechanical properties [20]. As one example, individual shells can be snapped by
applying a concentrated point force greater than or equal to ∼ 6mN to the shells
(Figure 2.4). To initiate this snap-through, we brought a cylindrical probe (radius
= 85µm) connected to a load cell and nanopositioner into contact with the apex of
a single microlens. Applying a force below the critical force caused the shell to re-
versibly return to the convex geometry (black data). If the critical concentrated force
is applied, the shells snap to the concave state and remain there upon removal of the
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Figure 2.3: Aspect Ratio of Spherical Caps. A graph of w/a vs. ε from equation 2.2
illustrates the predictive control over the aspect ratio of the microstructures based on the
conservation of surface area between a circular plate and a buckled shell.
probe (gray data). This change is indicated by the contact force, P , changing to zero
at a displacement, δ = −150µm.
Alternatively, if a trigger mechanism is used to develop the critical stress in all
shells simultaneously, then the entire surface of shells will change curvature (Fig-
ure 2.1b). One way to achieve this switching of multiple lenses from convex to con-
cave is by exposing the responsive surface to oxygen plasma treatment. The exposure
of the surface to oxygen plasma leads to a conversion of the organo-silicon surface
to silicon oxides [29]. This conversion process causes a volumetric decrease on the
surface of the PDMS film, triggering the shells to snap from convex to concave to
minimize the development of tensile stresses in the outer surface layer.
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Figure 2.4: Shell Snap-Through via Concentrated Force. A schematic of using a concen-
trated point force to snap an individual shell, along with a force, P , versus displacement,
δ, plot illustrating the critical force for snap-through. The light line represents a convex
shell that transitions to a concave geometry upon concentrated loading. The dark line rep-
resents a shell that deforms nonlinearly but remains convex as the probe is reversed from
the displacement δ = 150µm.
2.3.3 Snap-Buckling
2.3.3.1 Stimuli Responsive Trigger
To snap the shells from concave to convex, a triggering mechanism that causes
volumetric expansion can be used. We have demonstrated a simple mechanism by
swelling our elastic network with an organic solvent to develop an osmotic stress,
similar to the Venus flytrap. Hexane was introduced to our PDMS surface, swelling
the crosslinked network (Figure 2.6a). The hexane can quickly diffuse through the
thin silica layer on the surface (∼ 10nm) [29] created by exposure to oxygen-plasma.
As the surface swells, it expands initially until a compressive stress is generated due to
the lateral confinement from the edges of each hole (Figure 2.6b, where λrr describes
the lateral extension of the hole). This compressive stress leads to a growth of higher
buckling modes until a critical strain is reached. At this critical value, the shell
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Figure 2.5: Shell Snap-Through via Oxygen Plasma. A schematic illustrating how the
exposure of the surface to oxygen plasma places the outer surface of the shells in tension
which causes them to change curvature, thereby alleviating the additional stress.
undergoes a snap-through transition to the more stable convex state, with a time-scale
defined as τp. A complete description of the shell mechanics through this transition
has not been accomplished yet and reference to developed analytical solutions is
not possible due to the complex boundary conditions. Nonetheless, this transition
in stress state can be associated with volumetric expansion in the buckled film, a
mechanism that can be associated with a variety of other environmental changes
(pH, light, temperature, etc.).
2.3.3.2 Poroelastic Time Scale
Similar to the snapping leaves of the Venus flytrap, an increase in osmotic stress
in the elastic membrane of the concave microlenses causes strain to localize in the
center of the shells followed by a snap-buckling instability. In the plant kingdom, two
time scales are important for quantifying rapid movements. The physical limit for the
motion of a self-actuated mechanical system is dictated by the speed that an elastic
wave propagates through them, which scales as
√
E/ρ, where ρ is the material’s
density. Therefore, the inertial time for a membrane of thickness h scales as:
τi ∼ h
√
ρ
E
(2.3)
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Figure 2.6: Shell Snap-Through via Osmotic Swelling. a. Images of the responsive surface
snap-through process as well as a schematic illustrating the snap-through transition of a
single shell from concave to convex. The triggering mechanism is the development of osmotic
stress, similar to the triggering mechanism observed in the Venus flytrap. The development
of osmotic stress in our system is due to the swelling of the PDMS network with hexane. b. A
corresponding graph of the extension ratio of the hole plotted against time which illustrates
the initial swelling, confinement induced compressive stress, and subsequent snap-through
transition.
The second time scale is poroelastic time, τp, and it is limited by the time it takes
to transport fluid through an membrane. To understand this time scale we consider
the physics of water moving through a porous elastic material, such as plant tissue.
Assuming the fluid and tissue to be incompressible, fluid flow across a tissue will
expand the cells on one side and contract the cells on the other [2]. This movement
creates a differential strain which can described by the continuity relation:
ϕν = −(1− ϕ)δu
δt
∼ −(1− ϕ) u
τp
(2.4)
where u is the tissue displacement, ν is the fluid velocity field, and ϕ is the volume
fraction of fluid. Since the fluid is Newtonian and the pore size is constant, we can
assume the fluid velocity obeys Darcy’s law [2,30,31], so that
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ϕv = q (2.5)
where q is the velocity flux:
q = −κ
µ
∇P (2.6)
with κ the hydraulic permeability, and µ the fluid’s intrinsic viscosity. Therefore, con-
sidering the pressure gradient to be a pressure p acting over the membrane thickness
h, equation 2.4 can be rearranged using equations 2.5 and 2.6 into:
ϕ
(
v − u
τp
)
∼ κp
µh
(2.7)
Since this fluid flow is related to the elastic stress of membrane, a force balance yields:
E
u
h
∼ ϕp (2.8)
Substituting this equation into equation 2.7 leads to:
ϕ
(
v − u
τp
)
∼ κEu
µh2ϕ
(2.9)
Finally, we can solve for the poroelastic time by using equations 2.4 and 2.9:
τp ∼ µh
2
κE
(2.10)
Movements slower than this poroelastic time (t > τp) are typically swelling events
whose time scale is limited by fluid transport, while movements greater than or equal
to this time (t ≤ τp) are rapid movements. In the case of elastic instabilities, such as
snap-buckling, τ will be limited by τp. We can therefore use this critical time-scale to
describe the snap-through of spherical shells via osmotic stress. Figure 2.7 illustrates
a plot of τp versus film thickness. The solid line represents a fit of equation 2.10 using
a measured value of Young’s elastic modulus (E = 4MPa), and literature values for
the permeation of hexane through PDMS (κ/µ ∼ 10−14m2Pa−1s−1) [32].
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Figure 2.7: Snap-Through Time vs. Thickness. A plot of the critical snap-through time
as a function of thickness. The solid line represents equation 2.10, with E = 4MPa, and
κ/µ ∼ 10−14m2Pa−1s−1.
2.3.3.3 Snap-Buckle versus Smooth Transition
Designing a surface that undergoes snap, not smooth, instability transitions is
also linked to the balance of materials properties and geometry. Forterre et al. [1]
showed that a dimensionless geometric parameter α ∼ a4/(R2h2) determines the
nature of closure for the Venus flytrap leaves as either snapping or smooth closure [1],
where R is the radius of curvature. They determined that α > 0.8 was necessary for
leaf snapping. Similarly, this transition in the context of classical shell mechanics,
a dimensionless parameter ξ = w/h can be used for spherical shell under fixed edge
conditions. For this boundary constraint, ξ must exceed a value of 2. While neither
parameter completely describes the boundary conditions of the microlenses presented
here, they represent lower limits required for shell snap-through. Our shell geometry
has values of α (19.0) and ξ (3.7) which greatly exceed the previously-mentioned
critical values of both α and ξ.
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Figure 2.8: Optical Property Control. Demonstration of optical functionality of microlens
shells and their ability to change focal properties upon triggering. In the arrangement
illustrated schematically on the left, no image is projected onto the objective when the
shell curvature is concave. Upon triggering, the shell transitions to convex and an image is
focused at the focal point of the microscope objective.
2.3.4 Property Control
2.3.4.1 Optical Property Control
As an initial demonstration of a responsive property of these surfaces, we illustrate
the utility of these surfaces as responsive microlens arrays for optical display appli-
cations. In a convex state, the assembled shell structures form a functional microlens
array (Figure 2.8) with a focal point above the structure surface. Upon transitioning
to a concave curvature, the focal point of the shell structures is changed to beneath
the shell surface (Figure 2.8). These transitions can occur locally (single lenses) or
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over the entire microlens array depending upon the spacing, material properties, and
specific nature of the triggering mechanism.
2.3.4.2 Surface Wettability
Surface topography and surface chemistry determine the surface’s wetting prop-
erties [33]. Therefore, a surface that can dynamically change its topography can alter
the wetting of a liquid droplet. As an initial demonstration of the switchable wetting
properties of these surfaces, we fabricated a surface of microlenses and measured its
contact angle in the convex and concave surface topography, and compared that to
a smooth PDMS sample (Figure 2.9). As indicated by the contact angle data, there
is a notable difference between the contact angles measured in each state. By tuning
the size and surface chemistry (via vapor deposition of a hydrophobic chemical layer,
i.e. fluoropolymers) of the microstructures, the contact angle difference will increase
significantly [33].
2.4 Summary
In this chapter, we used lessons from the Venus flytrap to design surfaces that
dynamically modify their topography. We describe a simple, robust, biomimetic
responsive surface based on an array of microlens shells that snap from one curvature
(e.g. concave) to another curvature (e.g. convex) (Figure 2.1) when a critical stress
develops in the shell structure.
This snap-transition is due to the onset of an elastic, snap-through instability sim-
ilar to the capture mechanism of the Venus flytrap. The response rates can be over
two orders of magnitude faster than the typical response of shape-memory polymers,
and the sensitivity and rate of the response can be tuned with predictable geometric
and/or material property changes. Based on materials choice, a wide variety of ex-
ternal stimuli can trigger this stress development, such as temperature, pH, solvent
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Figure 2.9: Surface Wettability. Demonstration of the wettability of microlens shells
as a function of their concavity. The advancing contact angle of a water droplet on the
PDMS surfaces was measured for i. concave, ii. flat, and iii. convex topographies. The
initial results indicate a small but notable qualitative and quantitative difference in the
wettability of the three surfaces.
swelling, magnetism, electric current, and light. This strategy has great potential
for the design of responsive surfaces, which will impact a variety of applications
including: release-on-command coatings [6] and adhesives [3–5], on-command fric-
tional changes [34,35], instant modification of optical properties at an interface [7,8],
rapid response drug delivery [9–11] , chemical sensing [12–14], and antimicrobial de-
vices [29].
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2.5 Open Questions
To date, very little work has been done to utilize the rapid, snap-buckling instabil-
ity of shells for responsive surface design. This chapter introduces the wide range of
possibilities for these systems. The snap-buckling instability discussed above largely
focuses on osmotic stress for triggering responsiveness. This strategy allows us to
use scaling predictions from Forterre et al. [1] to note that the snap-through time
should scale as the thickness squared. This scaling provides an interesting design
paradigm for designing rapid, responsive surfaces by simply scaling down the shell
thickness. Similarly, scaling down the overall feature size should have a strong impact
on the adhesion and wettability of the surfaces [3,33]. Of greater interest will be the
design of materials using different responsive triggers. While snap-buckling triggers
such as temperature, pH, magnetism, electricity, and light have been proposed, much
work needs to be done in developing these systems. Understanding how the mate-
rial properties, geometry, and stimuli properties for each of these systems impacts
the materials’ responsiveness will be crucial for the next generation of responsive
materials.
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CHAPTER 3
CRUMPLED SURFACE STRUCTURES
3.1 Introduction
During the snap-through process described in Chapter 2, we observed a secondary
bifurcation occurring in the shells that enable snap-buckling (Figure 2.6). We wanted
to explore this shell buckling and understand its impact on material response. Buck-
ling instabilities are widely studied and can impact the response of materials in a
variety of ways [36–44]. Rather than focus on the bifurcation that shells undergo dur-
ing the complicated snap-buckling process, we used the buckling of circular plates and
spherical shells to produce structures and patterns that are difficult, if not impossible,
to achieve with other methods. In this chapter we will focus on two important ques-
tions: 1.) How does the geometry of the microstructures formed in section 2.2 depend
on the plates material properties, geometry, and applied force during preparation?
and 2.) Can we take advantage of the inherent interplay between microstructure ge-
ometry and strain to create dynamic, responsive materials by reversibly changing the
microstructure’s morphology?
3.2 Experimental Approach
To fabricate the surface patterns, we use the biaxial compression of an array of
circular plates (Figure 3.2) to generate microstructured surfaces. The fabrication
method is based on work described in section 2.2. When the applied equibiaxial
compressive stress exceeds a critical value, the plates buckle into a surface array of
microstructures. The film thickness was varied from 9µm to 55µm and measured by
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Figure 3.1: Confocal Images of Buckled Plates. Optical and confocal microscopy images of
spherical and bifurcated shells. These shells were fabricated with the same plate thickness
and radius. The nonaxisymmetric shells form at higher values of compressive equibixial
strain.
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Figure 3.2: Schematic of Buckled Plates. A schematic illustrating an array of individual
circular plates buckling from an applied compressive strain into axisymmetric microlenses
followed by nonaxisymmetric shells at high strains.
stylus profilometry (Veeco Dektak 3 Stylus Profilometer). The microstructure height
was measured by observing the contact of a glass probe controlled by a subnanometer
precision inchworm actuator (Exfo Burleigh IW-812) with the shell surface via optical
microscopy (Zeiss, Variotech). Geometry of the convex and concave shells was exam-
ined by scanning electron microscopy (JOEL 6320FXV FESEM, SEI mode, 10 kV,
gold-coated) and confocal microscopy (Leica Confocal Optical Microscope). Swelling
of the PDMS thin film was done by depositing a 10µL droplet of hexane (VWR) onto
the surface of spherical microlenses. The swelling of the PDMS substrate was done
in a bath of hexane and the substrate was swollen to equilibrium.
3.3 Elastic Instabilities
3.3.1 Buckling Behavior of a Circular Plate
Applying a compressive or tensile force to a confined thin plate can lead to either
buckling [45], wrinkling [46–49], or crumpling [38,39,44,50,51]. For a thin plate, the
equilibrium shape is determined by a balance of the elastic plates bending and stretch-
ing energy since the in-plane strain is minimal for a thin geometry. The stretching
energy scales linearly with the plate thickness, h, while the bending energy scales as
h3, therefore as the plate thickness decreases, the stretching energy term dominates
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and the plate bends significantly to reduce the in-plane strain [52]. As a result, the
circular plates buckle under lateral compression and form equilibrium structures with
high curvatures, due to the plates preference for bending. The specific topography,
or shape, of the microstructures is determined by the initial geometry and material
properties of each plate, and the applied biaxial strain.
3.3.1.1 Equilibrium Plate Equations
From an equilibrium balance of an elastic plate we can establish the plate’s stresses
and strains with respect to bending and stretching [45, 53–55]. The bending and
stretching strains, εb and εs, in the radial, r, and transverse, θ, directions are given
as:
εbr = −z
d2w
dr2
(3.1a)
εbθ = −
z
r
(
dw
dr
)
(3.1b)
εsr =
du
dr
+
1
2
(
dw
dr
)2
(3.1c)
εsθ =
u
r
(3.1d)
Where u and w are the radial and transverse displacements along the z axis, respec-
tively. Similarly, the bending and stretching stresses, σb and σs, in the radial and
theta directions are given as:
σbr = −
Ez
1− ν2
(
d2w
dr2
+
ν
r
dw
dr
)
(3.2a)
σbθ = −
Ez
1− ν2
(
1
r
dw
dr
+ ν
d2w
dr2
)
(3.2b)
σsr =
Ez
1− ν2
(
du
dr
+
1
2
(
dw
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)2
+ ν
u
r
)
(3.2c)
σsθ =
Ez
1− ν2
(
u
r
+ ν
du
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+
ν
2
(
dw
dr
)2)
(3.2d)
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Where E is Young’s elastic modulus and ν is Poisson’s ratio. The bending moments,
M , along the radial and transverse directions are:
Mr =
∫ h/2
−h/2
σbrz dz = −D
[
d2w
dr2
+
ν
r
dw
dr
]
(3.3a)
Mθ =
∫ h/2
−h/2
σbθz dz = −D
[
1
r
dw
dr
+ ν
d2w
dr2
]
(3.3b)
Where D is the plate stiffness,
D =
∫ h/2
−h/2
E
1− ν2 z
2dz =
Eh3
12(1− ν2) (3.4)
For a plate in equilibrium, the internal stresses in every volume element must balance.
Therefore the equations of equilibrium are [56]:
∂σik
∂xk
= 0 (3.5)
Since the plate is independent of the coordinate z, the equations of equilibrium in
Cartesian coordinates reduce to:
∂σxx
∂x
+
∂σxy
∂y
= 0 (3.6a)
∂σyx
∂x
+
∂σyy
∂y
= 0 (3.6b)
By taking equations 3.6a and 3.6b in cylindrical coordinates we can solve for the
equilibrium equation for radial forces acting upon an element of a plate:
σsr + r
dσsr
dr
− σsθ = 0 (3.7)
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Using the radial force equilibrium along with equation 3.3a, the radial moment equi-
librium may subsequently be derived as:
Mr + r
dMr
dr
−Mθ + σsrh
dw
dr
r = 0 (3.8)
Using equations 3.2c, 3.3a, and 3.3b, and taking the derivative of Mr with respect
to r to be dMr/dr = −D(d3w/dr3 − ν/r2dw/dr + ν/rd2w/dr2) we can solve for the
equilibrium plate equation in terms of d3w/dr3:
d3w
dr3
= −1
r
d2w
dr
+
1
r2
dw
dr
+
12
h
dw
dr
[
du
dr
+
1
2
(
dw
dr
)2
+ ν
u
r
]
(3.9)
By defining α ≡ dw/dr, µ2 ≡ hp/D, and σsr ≡ −p we can rearrange the equilibrium
plate equation into:
r2
d2α
dr2
+ r
dα
dr
+ (µ2r2 − 1)α = 0 (3.10)
This is recognized as Bessel’s differential equation. The general solution of this equa-
tion is:
α = A1J1(r) + A2Y1(r) (3.11)
where J1(r) and Y1(r) are Bessel functions of the first and second kinds, respectively.
To solve the equilibrium plate equation we need to define the boundary conditions of
the plate. To satisfy the condition of symmetry in the plate we note that the angle, α,
must be zero at the center of the plate. The function Y1(r) becomes infinite as r = 0,
which requires that A2 = 0. Therefore, to satisfy this equation the first boundary
condition must be:
αr=a = 0 (3.12)
As a second boundary condition we must consider the condition at the edge of the
plate. In this case the surface of the plate with respect to the original horizontal
plane is proportional to the radial edge moment (equation 3.3a):
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Dξα
a
= −D
(
dα
dr
+ ν
α
r
)
(3.13)
The restraint along this edge is described by ξ, where ξ = 0 for a simply supported
edge and ξ =∞ for a clamped edge. This leads to a general solution to equation 3.10
which can be used to solve for the critical buckling stress, p = −σ:
σc =
kD
a2h
(3.14)
To convert this critical stress to a critical strain we can use the equibiaxial stress-strain
relationship from continuum mechanics:
σ = E
[
ε+ ν
(1− ν2)
]
(3.15)
This relationship dictates that the critical equibiaxial strain to buckle a circular plate
is:
εc =
k2
12(ν + 1)
(
h
a
)2
(3.16)
Considering a simply supported edge, ξ = 0, within equation 3.13, the second bound-
ary condition which describes the plate’s edge is:
(
dα
dr
+ ν
α
r
)
= 0 (3.17)
Using the derivative formula dJ1/dr = J0 −J1/r, where J0 is the Bessel function of
zero order, we can express the boundary condition for a simply supported plate as:
kJ0(k)− (1− ν)J1(k) = 0 (3.18)
By assuming that for PDMS the Poisson’s ratio is ν ≈ 0.49 we can use the tables
for Bessel functions of the zeroth and first order to find that k = 2.16 for the first
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buckling mode of a simply supported circular plate under equibiaxial compression.
This value is used in equation 3.16 to determine the strain required for the first mode
of buckling for a circular plate. The resultant equation is plotted as the solid line in
figure 3.3. The data presented below this line (open circles) did not buckle while data
points above it (closed circles) exhibited buckling with an aspect ratio described by
equation 2.2.
Figure 3.3: Buckling Phase Map. A phase map of ε vs. h/ai demonstrating the buckling
modes of a circular plate under compression. The solid line is from equation 3.16 where
k = 2.16. Data presented in the region below this line (open circles) did not buckle under
equibiaxial compression, while data above the line (closed circles) buckled into axisymmet-
ric, spherical shells. Both results confirm the predictions made by classical plate theory.
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3.4 Results & Discussion
3.4.1 Convex Shell Formation
Due to the boundary condition of asymmetric bonding at the plates’ edge, and
the change in volume in the encapsulated microwells, buckling always produces struc-
tures with a convex shape. During fabrication, the volume enclosed beneath the
microstructures changes. Assuming ideal gases, the pressure change is given by
∆p = Patm(Vi/Vf − 1), where ∆p is the change in pressure, Patm is the atmospheric
pressure, and Vi and Vf are the initial and final volumes. If the structures form in a
concave state, the volume of the encapsulated microwells decreases, leading to a pres-
sure increase. This pressure increase always exceeds the pressure decrease associated
with the convex structure formation, thus convex formation is preferential. Although
the concavity of the structures is impacted by this pressure difference, the resultant
shape is not significantly affected. For our microstructures, ∆p/E ∼ 10−4 to 10−2,
making the effect of pressure change on the buckled plate geometry negligible for
these materials. This relationship suggests that for softer materials or shallower hole
depths, the pressure change may impact the resultant geometry.
3.4.2 Secondary Bifurcation
Once above the critical threshold for buckling a circular plate, applying additional
compressive strain (as illustrated in figure 3.2) to an axisymmetric shell will cause it
to undergo a secondary bifurcation. This leads to the formation of nonaxisymmetric
shells that exhibit circumferential waves along the base of the shell (Figure 3.4).
Some insight into the onset and shape of the nonaxisymmetric shells can be gained
by considering the bifurcation of a spherical shell. At an applied ε, a spherical shell
is created with an aspect ratio of w/a defined by equation 2.2. In this initial state,
the base edge of the shell is resisting an applied bending moment related to a, ε, and
E. As Shilkrut numerically demonstrated [20], for spherical shells of w/h = 3, the
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Figure 3.4: Nonaxisymmetric Shell. Optical micrograph of a nonaxisymmetric shell with
circumferential waves along its base.
applied bending moment is resisted by a stable surface of constant curvature. For
spherical shells with w/h > 6, the applied bending moment leads to the bifurcation
and secondary buckling of the spherical shell, causing a break in asymmetry [20,37].
This bifurcation leads to local bending to minimize in-plane strain, causing waves
in the circumferential direction, and effectively resists the applied bending moment.
The shape of the bifurcated shell is related to the surface metric tensor determination
of the Gaussian curvature, similar to discussions by Klein et al. for elastic sheets [52].
In figure 3.5, the phase diagram from figure 3.3 is now updated to illustrate the
applied biaxial compressive strains that cause non-spherical geometries for circular
plates with different h/ai. Empirically, the transition between axisymmetric and
nonaxisymmetric shells appears to occur above ε ∼ 15%. The data above this strain
exhibits nonaxisymmetric geometries (solid triangles), while the data for circular
plates in between the dashed and solid lines buckle and form axisymmetric spherical
shells (solid circles).
Additionally, the geometry of our bifurcated shells is determined by the packing
density and configuration of the patterned surface. In the case of hexagonally packed
circular plates, the bifurcation of an individual spherical shell creates a microstructure
with inflection points, creating a tri-fold symmetry (Figure 3.6a). This geometry
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Figure 3.5: Buckling Phase Map with Bifurcated Shells. Building upon the phase map
from figure 3.3 by adding data the spherical shells that bifurcate into nonaxisymmetric
shells (closed triangles). This transition appears to occur at ε ∼ 15%.
influences the orientation of the shells nearest neighbors. The shells couple together
and the stress concentration from each of the three buckle folds of a single shell direct
the inflection points of its nearest neighbor (Figure 3.6b). The geometric coupling
of these shells is also evident when the shells exhibit a four-fold symmetry. Again,
the stress concentration from the folds of the shell directs the inflection points of its
nearest neighbors. This suggests a method for controlling the long-range order of
these patterned features using defects to template order.
3.4.3 Microstructure Responsiveness
By changing strain through environmental triggers, the relationship between shell
geometry and strain defines a responsive surface of microstructures that can dynam-
ically change their shape. Depending on the material properties of the patterned
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Figure 3.6: Buckling Schematic and SEM Images of Buckled Plates. Schematic illustrating
various plate buckling possibilities, where a. illustrates a plate that buckles to form an
axisymmetric, spherical shell, and b. shows spherical shells that have bifurcated and exhibit
circumferential waves dictated by the packing density of the shells. SEM images of spherical
and nonaxisymmetric shells are presented in a. and b.
surface, a variety of stimuli can be used to change the strain applied to the shell
structures. As one example, we use swelling of the PDMS network with hexane to
change the applied strain. When a hexane droplet is added to the surface of initially
spherical shells (Figure 3.7a-ii), the thin film shell swells initially, but is laterally
confined by the edges of the unswollen hole below it, to which it is bound. This
lateral confinement increases the compressive strain along the edge of the shell, which
from equation 6 increases the height of the shell when a remains constant. Since the
change in film thickness is negligible, the shell transitions through a bifurcation point
to form a stable, nonaxisymmetric geometry (Figure 3.7b-ii). Upon evaporation of
the solvent, the shell returns to its initial, spherical geometry. The swelling time
required to induce this change is on the order of seconds.
The reverse topographical change can occur by changing the diameter of the hole
below an initially nonaxisymmetric shell structure. To demonstrate this change, we
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Figure 3.7: Reversible Crumpling. a. A schematic illustrating two (i and ii) manners of
responsive behavior in the microstructures. b-i. The responsiveness of convex shells that
are initially nonaxisymmetric and form spherical shells as the substrate swells with hexane.
b-ii. Shells that are initially spherical bifurcate to form nonaxisymmetric geometries when
the shells are swollen with hexane.
swelled the PDMS substrate below the thin film shell with hexane to increase the
hole diameter (Figure 3.7a-i). This increase in a causes a decrease in the compres-
sive biaxial strain along the edge of the shell, which in turn decreases the height of
the shell to achieve an h/t value where an axisymmetric shell can resist the relieved
bending moment in a stable manner (Figure 3.7b-i). Therefore, the initially nonax-
isymmetric shell forms a spherical shell geometry. The timescale for this process is
approximately an hour as the entire PDMS substrate needs to swell before the shell
layer. This process allows the surface to return to its initial topography once the
hexane evaporates.
3.5 Summary
In summary, we have presented a simple, scalable patterning method to generate
a variety of controlled, tunable surface topographies that would be difficult, if not
impossible, to achieve using current fabrication techniques. The geometry of these
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microstructures can be understood using classical plate buckling and shell theory. The
topography can be tuned by varying the plate’s geometry, material properties, and
applied biaxial strain. The resulting surface patterns can dynamically and reversibly
change shape and aspect ratio by changing the strain applied to the shell structures.
The shells change between a spherical, axisymmetric geometry and a bifurcated, non-
axisymmetric shape with circumferential waves along the base of the structure. The
spherical shells form above a critical strain predicted by classical plate theory, while
the nonaxisymmetric shells appear to form above an applied strain greater than 15%.
This surface patterning strategy brings a greater understanding to the ability for a
shell to localize strain, while also offering a novel approach for the fabrication of the
next generation of surface patterns, especially in the context of responsive materials.
3.6 Open Questions
A significant amount of experimental and theoretical work has surrounded the
stability of plates and shells [19, 20, 45, 55, 57]. Much of this work has focused on
large, single shells. The work in this chapter focused on the stability of an array
of shells. Two important considerations are: 1.) the development of an analytical
understanding for bifurcation of the axisymmetric shells, and 2.) the impact of the
neighboring shells on the stability and responsiveness of the surface. Understanding
and predicting when axisymmetric shells undergo bifurcation will allow better control
for pattern formation and responsive surface design. The responsiveness of the shells,
as described in section 3.4.3, suggests an interplay between the structures and their
topography. The coupling between microstructures will impact both their geometry
and responsiveness. The ability to understand and control this coupling will be im-
portant not only for the responsiveness described in this chapter, but for coordinating
the snap-buckling of shells (Chapter 2).
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CHAPTER 4
DELAMINATION FOLDING
4.1 Introduction
The pre vious two chapters discuss the strain localization in geometric snap-
buckling and spherical shell bifurcations. To better understand the localization of
strain within a film, we studied the delamination and folding of a uniaxially com-
pressed, thin polymer film. Delamination has been studied extensively both experi-
mentally [37,58–60] and theoretically [22,61–63], but relatively little work has focused
on the deformation profile of delaminated regions for ultrathin polymer films. Specifi-
cally, we are interested in measuring the deformation process as the bending curvature
of a delaminated glassy film approaches the length scale of an individual molecular coil
in an amorphous glass (Figure 4.1). This research will allow us to probe the limits of
strain localization, which also will uniquely control deformations in films consisting of
a finite number of molecules through their thickness. Studying crumpling and folding
in confined geometries not only provides insight into the material properties, but also
provides new insight for controlling the morphology and structure of thin polymer
films for advanced applications, such as patterning on sub-100nm length scales.
4.2 Beam Bending
The delamination and buckling of thin films is related to a general class of elastic
instabilities. The use of materials in engineering structures ranging from bridges to
airplanes makes the study of elastic instabilities of great importance. This subject
has been studied extensively both theoretically and experimentally for many years,
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Figure 4.1: OM and AFM of folds. a. Optical micrographs of a folded polystyrene film
on an elastomeric substrate (h = 60nm, ε = 0.01). b. AFM image of individual folds on the
surface.
with the first problems regarding elastic instabilities being studied over 200 years ago
by Leonard Euler [64]. In the theory of elasticity for elementary beam bending, it is
known that stresses and deflections in beams are directly proportional to the applied
loads [19]. Therefore, by knowing the initial configuration of the beam, it is possible
to calculate all of the deflections, stresses, and moments acting upon the beam. The
basic differential equations for beams can be derived by considering a beam subjected
to an axial compressive force P and a distributed load q which varies along the x axis.
From the equilibrium element illustrated by the inset of figure 4.2 we can write the
balance of forces acting upon the beam:
−V + qdx+ (V + dV ) = 0 (4.1)
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Figure 4.2: Beam Bending Under a Distributed Load. A beam bent under a distributed
load q(x) and an axial load P with the inset representing an differential element of the beam
in equilibrium. From this equilibrium illustration we can derive equations 4.1 and 4.2.
where V is the shear force acting vertically on the element of the beam. If you then
consider the moments acting around the point n while assuming a small deflection,
the equilibrium equation becomes:
M + qdx
dx
2
+ (V + dV )dx− (M + dM) + P dy
dx
dx = 0 (4.2)
By solving this equation for the shear force and neglecting higher order terms we see
that:
V =
dM
dx
− P dy
dx
(4.3)
The equation for the curvature of the axis of the beam can be determined by consid-
ering EI to be the flexural rigidity of the bending beam, such that:
EI
d2y
dx2
= −M (4.4)
Therefore, by combining equations 4.1, 4.2, and 4.3 we can determine the differential
equations of a beam as:
43
EI
d3y
dx3
+ P
dy
dx
= −V (4.5a)
EI
d4y
dx4
+ P
d2y
dx2
= q (4.5b)
4.2.1 Euler Buckling
In section 1.2.1 we discussed Euler buckling using an energy balance approach [19].
Here we approach the same problem using the equilibrium equations for a beam
to consider its stability under an axial load P that deforms with a displacement
δ [64] (Figure 1.2). The initial deformation scales linearly with a constant stiffness,
described by the slope (K = ∆P/∆δ). A further increase in loading causes the beam
to reach a bifurcation point, where the beam can either continue deforming axially or
undergo a buckling instability. While both represent equilibrium states, the buckling
instability is energetically favorable, allowing an elastic instability to occur [19].
Using equation 4.4, which describes the deflection of a beam, we can solve for the
beam’s critical buckling load. When the beam is in a slightly deflected position, the
bending moment at any cross section of the beam is:
M = −P (δ − y) (4.6)
Therefore, the equilibrium plate equation becomes:
EI
d2y
dx2
= P (δ − y) (4.7)
Under the boundaries where the upper end of the beam is free and the lower end is
fixed, the buckling will occur in the plane of minimum flexural rigidity. We will define
a buckling constant, k, as:
k2 =
P
EI
(4.8)
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Using k2 we can rewrite equation 4.7 as:
d2y
dx2
+ k2y = k2δ (4.9)
The general solution of this equation is:
y = A cos kx+B sin kx+ δ (4.10)
where A and B are constants of integration. By applying the boundary condition of
a fixed edge:
yx=0 =
dy
dx
= 0 (4.11)
then equation 4.10 becomes:
y = δ(1− cos kx) (4.12)
The second boundary condition requires the upper end of the beam to be free, such
that:
yx=l = δ (4.13)
This boundary condition is satisfied if:
δ cos kl = 0 (4.14)
Since equation 4.14 requires that either δ = 0 or cos kl = 0 and δ = 0 implies that
the beam does not buckle, cos kl = 0 dictates that:
kl = (2n− 1)pi
2
(4.15)
where n is an integer that allows this equation to determine values of k at which a
buckled shape can exist, and since n = 1 represents the smallest value of kl, equa-
tion 4.15 becomes:
kl = l
√
P
EI
=
pi
2
(4.16)
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Since the value of P in equation 4.16 represents the smallest critical load for buckling,
we can solve for Pc:
Pc =
pi2EI
4l2
(4.17)
This classical understanding of how a beam responds under an applied load can be
used to explore the loading of a thin film bound to a substrate.
4.3 Experimental Approach
The deformed polymer films can be prepared either directly onto a silicon wafer or
onto an elastomeric substrate treated with ultraviolet light in the presence of ozone.
The result is a polymer film with numerous delaminated deformations on the surface
(Figure 4.1). The substrate is placed in uniaxial tension and a polystyrene (PS) thin
film (MW ∼ 400, 000g/mol), prepared via flow-coating (h = 5nm to h = 100nm),
is brought into contact with the substrate. Upon release of the uniaxial strain the
thin film delaminates and buckles (Figure 4.3). The film delamination that occurs at
localized regions is dictated by the balance of mechanical strain energy and adhesion
strength of the polystyrene and the substrate. The film thickness was measured by
ellipsometry and the delaminated features were examined via optical microscopy and
atomic force microscopy (AFM).
4.4 Results & Discussion
We can treat the film delamination and subsequent buckling as if it were a clamped
plate under uniaxial compression. In this regard, the buckled film should take on
a geometry as dictated by the general solution to the equilibrium plate equation
(Equation 4.10). Applying the clamped boundary conditions to the film, the shape
of the delaminated features becomes:
w
wmax
=
1
2
(
1 + cos
pix
a
)
(4.18)
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Figure 4.3: Delamination Folding Schematic. A schematic of the fabrication of the folded
thin polymer film by placing a substrate in tension and picking up a floating polymer film.
Upon release of the tension in the substrate the uniaxial compressive strain causes the
polymer film to delaminate and buckled perpendicular to the applied strain.
Cross sections of delaminated features were measured with AFM and are plotted
in figure 4.4. These representative cross sections are from 25nm films compressed at
strains of ε ∼ 10−4 and ε ∼ 10−3 and are fit with equation 4.18 without any additional
fitting parameters.
4.4.1 Strain Localization
Figure 4.6 provides a plot of the feature radius of curvature at the apex of the
feature, R, over its film thickness, h, as a function of macroscopically applied strain,
ε (Open circles). The result shows two distinct regions in the buckling process for
the thin polymer films. As the compressive strain is applied to the polymer film, the
initially delaminated region deforms and buckles out of plane, forming a bent region
with a constant curvature (ε < 0.001). Further applied strain causes the bent region
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Figure 4.4: Normalized Buckled Height & Width of Delaminated Features. Two rep-
resentative AFM cross sections of delaminated features fit with the cosine function from
equation 4.18 without additional fitting parameters, as predicted by Euler buckling de-
scribed. Both cross sections are from films of h = 25nm.
to localize strain at the midpoint of the feature until a minimum R/h is reached.
Beyond this minimum sharpness ratio, additional strain increases the applied energy
release rate of the material and causes further delamination to occur 4.5 (ε > 0.001).
At low strains, R/h is initially very large and the buckled film has a smooth curvature.
A crosssection of the sample’s AFM image is presented in figure 4.7a, plotted with the
normalized height, h, and curvature, κ. Since the curvature of the bent deformation
remains roughly constant across its buckle width, strain is not initially localized along
Figure 4.5: Bend to Fold to Delamination Schematic. A schematic illustrating the impact
of applied strain on the initial delamination and buckling of a film, followed by strain
localizing towards its center until a minimum R/h is reached. Beyond this point, additional
strain causes the folded film to delaminate from the substrate.
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Figure 4.6: Radius of Curvature vs. Strain. A plot of the feature radius of curvature
measured at the apex normalized by the film thickness, R/h, against applied strain (open
circles). The strain localized at the center of the buckled, described by εl = 2h/R, is plotted
as a function of macroscopic strain (closed triangles). Two regions of feature formation
appear: strain localization (low strains up until a minimum R/h ∼ 1), and delamination.
the buckle. The first region of figure 4.6 (ε < 0.001) illustrates the localization of
applied macroscopic strain within the deformed structure. As strain continues to
localize at the apex of the deformed region, eventually the film forms a sharp fold
(Figure 4.7b). In the crossection of this deformation, the curvature is insignificant
along the cantilever length, but increases sharply at the apex of the fold, where strain
has been localized into a sharp ridge.
The ability for a film to localize applied strain increases structural stability and
allows for rapid geometric movements via elastic instabilities [1, 31, 42]. It has been
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Figure 4.7: Bent and Folded PS Films. a. An AFM image of a bent polymer film with a
crossection graph showing the normalized height and curvature across the buckle width. b.
An AFM image of a folded polymer film with a crossection graph showing the normalized
height and curvature across the buckle width.
previously demonstrated that thick, elastic films (h ∼ 10−6m) will geometrically
localize compressive strains greater than the critical buckling strain to the center of
the film. To describe the localization of strain within the bent polystyrene film we
must compare the strain along the ridge of the deformed film to the strain that was
macroscopically applied to the entire polymer sheet. The localized bending strain of
a deformed structure can be described as:
εl ∼ z δ
2w
δx2
(4.19)
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where z is the displacement from the midplane of the structure, and h is the vertical
displacement (Figure 4.8). From this, we note that the strain at the outer edge of
the feature is given as:
εl ∼ h
2R
(4.20)
The measured values of strain localized at the apex of the delaminated features, εl,
Figure 4.8: Radius of Curvature Schematic. A schematic of a beam of thickness h bent
to a displacement w, depicting the curvature κ = −δ2w/δx2.
are plotted as a function of applied strain as closed triangles in figure 4.6. The apex of
the PS films accommodate strains upwards of 50%, far exceeding typical polystyrene
failure strains, which are generally less than 2% in tension or compression [65] and
less than 1% in bending [66].
4.4.2 Thickness Dependence
One of the important considerations for the delaminated structures was the impact
of film thickness on feature curvature. We were able to attain radii of curvature on
the order of 10nm, which is on the order with the radius of gyration for a polystyrene
homopolymer. Due to potential AFM tip convolution, these radii values represent an
upper limit for the curvature of the buckled films. However, the feature shape has no
dependence on film thickness within the regime we studied (Figure 4.9), and could be
the result of the unannealed polymer films having a residual stress from preparation.
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Figure 4.9: Thickness Dependence. A plot illustrating the independence of feature radius
of curvature, R, on film thickness, h. This suggests that the curvature of the features is
dicated more by the applied strain.
4.4.3 Delamination
Film delamination plays an important role at two different parts during the for-
mation of these structures. Once the film is placed onto the strained substrate (Fig-
ure 4.3), initial delaminations form due to defects in the film and substrate [67]. The
smallest debonded size of a film that will result in buckle formation in a film with a
residual compressive stress, σm, is [67]:
am =
pih
2
√
E¯
3σm
(4.21)
An AFM of the edge of a delaminated feature from a sample prepared at low strains
(ε ≈ 10−4) is given in figure 4.10. The impact of these edges on the curvature of
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delaminated features is not known, therefore all measurements were made far from
the feature’s edges.
Figure 4.10: AFM of the Beginning of a Fold. An AFM image at the start of a film
delaminating from a substrate.
The second region from the plot of R/h vs ε (ε > 0.001) describes the delamination
of the strain localized feature (Figure 4.6). The sharpness of the folded features
appears to reach a minimum at R/h ∼ 1, beyond this point the radius of curvature
of the delaminated features begins to increase, most likely due the limitations of the
experiment than the material properties of the film. At this point the energetic cost
for bending becomes greater than the energy to delaminate at the edges. Once this
minimum radius of curvature is reached, additional macroscopically applied strain
is not alleviated via buckling, and therefore increases the applied energy release rate
between the film and the substrate, G(a),. For any material system, the delamination
resistance of the interface is chacterized by a fracture energy Γ(ψ) per unit area, which
depends on the phase angle ψ of the stress state acting at the edge of the delamination
front [67]. Once the applied energy release rate is greater than or equal to the fracture
resistance of the surface the delamination front will advance. This delamination can
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be observed experimentally by measuring the buckle width, a, as a function of applied
strain, ε, once R/h ∼ 1. Figure 4.11 illustrates the increase in a for greater applied
strains.
Figure 4.11: Buckle Width vs. Film Thickness. The second region of figure 4.6 is described
by film delamination, this graph illustrates the increase in buckle width, a, for increasing
applied strain, ε
4.4.3.1 High-Strain Deformations
While most of the work discussed in this chapter focused on low uniaxial strains to
generate delamination and folding, the application of high uniaxial strain (ε ≈ 0.25)
caused the formation of delaminations on multiple length scales. From AFM analy-
sis, delaminations with a consistent wavelength appear perpendicular to the applied
uniaxial compressive strain (Figure 4.12-upper inset). Secondary delaminations are
also observed forming with a random orientation and a large buckle width, a ≈ 1µm
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Figure 4.12: High-Strain Deformations. An AFM image of a highly strained (ε ≈ 0.25) PS
film exhibiting delaminated regions of two distinct length scales, highlighted in the figure
insets.
(Figure 4.12-lower inset). These randomly oriented features are most likely caused
by the additional transverse strain due to a Poisson’s contraction.
4.5 Summary
The sharpness ratio of the features achieved on the polystyrene films (figure 4.7b)
is near unity for adequately high uniaxial compressive strains. The film thickness of
the polystyrene films presented in this chapter are on the order of the material length
scale, with γ/E ∼ 10−10, leading to the fabrication of sharply folded nanostructures.
While the width of these structures vary from tens to hundreds of nanometers, their
lengths are typically several hundred microns to many millimeters. In this chapter,
we present scaling relationships to predict the sharpness of deformed features, ranging
from macroscopic to nanoscopic. The folding of ultrathin films in confined geometries
will provide insight to the material’s properties, as well as insight into controlling the
next generation of nanoscale feature morphology and structure.
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4.6 Open Questions
The work in this chapter focused on the film properties and geometry after buck-
ling. Many interesting questions remain regarding the polymer chain configurations
in the buckled regions of films with thicknesses on the order of the polymer’s radius
of gyration. This will require careful annealing and characterization, but will pro-
vide insight into how these films accommodate such high strains at their apex. It
will also be important to quantify and control the film delamination. Controlling
the initial delaminations will be crucial for nanoscale pattering, while understanding
the balance between energy release rate and interfacial strength will be important for
determing feature stability and ultimate failure. Developing an understanding of how
homopolymer films delaminate and buckle will naturally lead to the study of more
complex films, including block copolymer films and films with embedded nanoparti-
cles. How these complex films accommodate strain both macroscopically and on the
polymer chain length scale will have a broad impact fundamentally and in designing
advanced materials.
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CHAPTER 5
DRAPING FILMS: A WRINKLE TO FOLD TRANSITION
5.1 Introduction
The wrinkling of soft films commonly exhibits itself in nature in examples ranging
from draping fabrics to wrinkled skin. This phenomenon occurs because elastic films
bend more easily than they stretch, allowing them to buckle out of plane into wrinkles
under applied strain [46]. While wrinkles are smooth undulations that distribute
strain evenly, folds are sharp strain localizations of applied strain. The terminology
of wrinkles and folds are often used interchangeably, but their differences have a
profound impact on properties of the deformed media. For a crumpled sheet of
paper, a network of folds, not wrinkles, develops and focuses energy in a manner
that significantly increases the stiffness of the deformed material [22]. In biology, the
process of folding is critical to morphogenesis, defining such features as the neural
folds in early embryonic development. Wrinkling and folding have garnered much
interest recently in patterning [47, 68, 69], functional materials [70, 71], draping [72],
crumpling [38, 41, 73] and snapping [1, 42], but a fundamental understanding of the
relation between the two structures is lacking.
In a recent paper, Pocivavsek and Cerda [44] demonstrated the transition from
wrinkling to folding under simple uniaxial compression. This demonstration provides
great insight, but boundary conditions and geometry can strongly affect the observed
mechanism in the context of an elastic instability. In this chapter, we examine the
wrinkle to fold transition under axisymmetric conditions, which are commonly found
in nature, from cell morphology to the ciliary body of the eye. We will study the
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Figure 5.1: Draping Film Schematic. a. Wrinkles on a thin film floating on water being
lifted by a spherical probe. b. As the veritical displacement of the probe increases the
wrinkles strain localize into sharp folds. c. A schematic of the experimental setup where
i. depicts the axisymmetric thin film floating on water, ii. as the spherical probe displaces
in the z-direction wrinkles form on the surface, iii. and above a critical displacement the
wrinkles collapse into folds.
wavelength and wavenumber of the wrinkles that initially form, and we will demon-
strate that while folds localize strain and lead to a global minimization of energy, the
redistribution of stresses can alter nearby morphologies.
5.2 Wrinkling
When a strain, ε, is applied to a thin elastic sheet of thickness h with a Young’s
modulus E and Poisson’s ratio ν, the sheet remains flat while ε < εc, a critical strain.
An increase in strain above εc causes the sheet to buckle and bend out of plane
into wrinkles. The wavelength and amplitude are determined by the energy cost for
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bending, UB, and stretching, US. In the uniaxial sheet of length, L, and width, W ,
the total energy can be described as:
U = UB + US (5.1)
where the bending and stretching energies are given as:
UB =
1
2
∫
A
D
(
∂2w
∂y2
)2
dA (5.2a)
US =
1
2
∫
A
T (x)
(
∂2w
∂x2
)2
dA (5.2b)
where w is the out-of-plane displacement, and T (x) is the tension along the x direc-
tion [46]. The stretching energy is analogous to the energy in an elastic foundation
supporting a thin sheet [56]:
UF =
1
2
∫
A
Kw2dA (5.3)
where K represents the resistance to stretching. Therefore, the stretching resis-
tance to the sheet is determined by comparing equations 5.2b and 5.3, which yields
K ∼ T/L2 [46]. By assuming a smooth sinusoidal deformation in the thin sheet we
note that the energetic cost in bending is high for wrinkles with short wavelengths.
The total energy also increases with long wavelengths from the strain required to
stretch the sheet longitudinally [46]. From the assumption of the wrinkle’s sinusoidal
geometry, the bending and stretching energies will scale as [44]:
UB ∼ DL
(
A
λ2
)2
(5.4a)
US ∼ KLA2 (5.4b)
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where A and λ are the wrinkle amplitude and wavelength, respectively. A balance of
these two energies leads to a wrinkle wavelength which scales as [44,46]:
λ ∼
(
D
K
)1/4
(5.5)
5.3 Experimental Approach
To quantify this wrinkle-to-fold transition in terms of both force and displace-
ment, we use the simple act of lifting an elastic sheet from the surface of water
(Figure 5.1a&b). The strain imposed by the point of contact and the underlying
substrate causes the film to drape and wrinkle radially once above a critical strain.
As the film continues to be lifted above the initial horizon of the water, the stress
in the sheet focuses and the wrinkles collapse into discrete folds. For these exper-
iments, a thin polymer film, either polydimethylsiloxane (PDMS) (Sylgard 184TM)
or polystyrene (PS) (Aldrich), is prepared via spin-coating a polymer solution onto
a clean silicon wafer. A film of radius L is floated off the wafer onto the surface of
water. A nanopositioner is used to lift a spherical probe of radius a into contact with
the center of the film while a load cell records the force, P , of deforming the film
(Figure 5.1c).
5.4 Results & Discussion
A typical response of the number of wrinkles, N , as a function of vertical probe
displacement is given in figure 5.2. There are several notable regimes in this plot. At
very low displacements, no wrinkling is observed (Figure 5.2a - δ < 500µm), followed
by the formation of wrinkles with a constant wavelength (Figure 5.2b - 500µm < δ <
1300µm). At this point, a wrinkle-to-fold transition occurs (Figure 5.2c). The onset
of the initial fold causes the wavenumber of the remaining wrinkles to increase as a
function of displacement (Figure 5.2d - 1300µm < δ < 2500µm). The wavenumber
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begins to significantly decrease as additional folds form on the film (Figure 5.2d-f
- 2500µm < δ < 3000µm), followed by the final fold formation (Figure 5.2g). To
understand these regimes we will focus on the axisymmetric wrinkle wavelength, the
wrinkle-to-fold transition, the impact of folding on the remaining wrinkle wavelength,
and the final number of folds to form on the film.
Figure 5.2: Wavenumber vs Displacement. A typical plot of the wavenumber, N , versus
displacement, δ, along with optical microscopy images of wrinkles for a film thickness of
h = 112nm. This graph illustrates several regions: at low displacements no wrinkling
is observed, followed by the formation of wrinkles with a consistent wavenumber. The
formation of a fold causes the wrinkle wavenumber to increase before the remaining wrinkles
collapse into a finite number of folds.
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Figure 5.3: Airy’s Stress Function - Biaxial. A schematic of two opposing stresses coming
from the biaxial strain imposed by the spherical probe, τ , and the surface tension, γ.
5.4.1 Axisymmetric Wrinkling
In the previous section we presented the wrinkle wavelength scaling under unixial
stress conditions. In an axisymmetric geometry, the effective substrate stiffness scales
as the radial stress in the film, such that [39,48,74],:
λ ∼
(
D
σrr
)1/4
(5.6)
where σrr is the biaxial stress that develops in the thin film upon lifting. Similarly, a
stress in the azimuthal direction develops, given as σθθ. To determine these stresses
we will consider the Airy’s stress function for stresses acting biaxially upon the inner
and outer perimeter of a disc (Figure 5.3). From table 5.1 we know that the stress
function will be:
f = Br2 + C log r (5.7)
The stress acting in the radial direction is the second derivative of f with respect to
r:
σrr =
∂2f
∂r2
= 2B +
C
r2
(5.8)
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Table 5.1: Airy’s Stress Function Boundary Conditions
Airy’s Stress Function
f σrr σrθ σθθ 2µur 2µuθ Description
1 0 0 0 0 0 Trivial
r2 2 0 2 (k − 1)r 0 Biaxial tension
log r 1/r2 0 −1/r2 −1/r 0 Center tension
r2 log r 2 log r + 1 0 2 log r + 3 (k − 1)r log r − r (k + 1)rθ Dislocation
where B and C are constants. From figure 5.3 we can take the stress conditions at
the boundaries r = L and r = a to be −γ and −τ , respectively:
σrr|r=L = −γ = 2B + C
L2
(5.9a)
σrr|r=a = −τ = 2B + C
a2
(5.9b)
By solving these two equations and two unknowns we can solve for σrr as:
σwrr =
a2L2(τ − γ)
r2(a2 − L2) −
a2τ − L2γ
a2 − L2 (5.10)
Similarly, from the stress function σθθ is given as:
σθθ = 2B − C
r2
(5.11)
therefore σθθ can be solved as:
σwθθ =
a2L2(−τ + γ)
r2(a2 − L2) −
a2τ + L2γ
a2 − L2 (5.12)
For our experiment, τ ∼ E(δ/r)2 and γ = Γ/h, where Γ is the surface tension
of water. By relating the scaling predictions from Cerda and Mahadevan [46] into a
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radial geometry [39,48,74], the wavelength scales as:
λ ∼ Cλ
(
E¯h2
σrr
)1/4
r1/2 (5.13)
Using equation 5.10, and considering a/L to be small, σrr becomes:
σrr ∼ −Γ
h
[
1−
(
a
r
)2(
1− τh
Γ
)]
(5.14)
Therefore, the total number of wrinkles, N ≡ 2pir/λ will be approximately
N ∼ CN
(
L2Γ
E
)1/4
h−3/4 (5.15)
where CN is a constant determined by the material properties of the elastic sheet. The
wrinkle wavenumber for PS and PDMS films with thicknesses ranging from h = 50nm
to h = 13.6µm were measured at r = 3mm and δ = 1mm. A plot of N(E/L2Γ) vs h
from equation 5.15 is given in figure 5.4 where the dashed line represents a slope of
h−3/4 with an intercept of CN = 2.
5.4.2 Wrinkle-to-Fold Transition
The number of wrinkles remains constant at low values of probe displacement
(Figure 5.2), while the amplitude of the wrinkles increases with the increasing az-
imuthal strain, εθθ ∼ (δ/r)2. At a critical value of δ, the total energy of the deformed
film is minimized through the collapse of several wrinkles into a fold, where strain
is localized in a region of maximum curvature (Figure 5.2c). The decrease in total
energy through the wrinkle-to-fold transition is recorded in the data of probe force,
P , as a function of probe displacement, δ (Figure 5.5). P increases with δ as the
film is deformed axisymmetrically until δc is reached. At δ = δc, an instantaneous
decrease in P is recorded (Figure 5.5 inset), signifying a decrease in the total energy,
which is proportional to Pδ.
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Figure 5.4: Wavenumber vs Thickness of a Draped Film. A plot of the wrinkle wavenum-
ber, N , normalized by the film’s material properties, (E/L2Γ)1/4 versus film thickness, h,
at a fixed vertical displacement, δ = 1mm along with optical microscopy images of wrinkles.
The dotted line represents a h−3/4 scaling from equation 5.15.
Pocivavsek and Cerda [44] observed a wrinkle-to-fold transition at ∆/λ ∼ 0.3 for
uniaxially compressed films. To compare to the axisymmetric case, we would expect
the critical azimuthal strain at the wrinkle-to-fold transition to approximately equal:
εθθ ∼ λ
3a
(5.16)
This relation implies that the transition will be dictated by the state of compression
at r = a, where the greatest stress and strain occurs at large values of δ. Therefore,
the strain in the system will scale as [57]:
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Figure 5.5: Force vs Displacement for Folding. a. A plot of force, P vs. displacement,
δ for a 112nm thick PS film. The inset illustrates the critical stress for folding. b. A
micrograph take at a displacement of 1.28mm, illustrating the fold formation at a critial
load, Pc. c. A schematic of two opposing stresses coming from the biaxial strain imposed
by the spherical probe, τ , and the surface tension, γ.
εθθ ∼
(
δ
a
)2
(5.17)
At large displacements (δ  h) we can assume that γ/τ  1 and a/L 1, therefore
σrr will scale as:
σrr ∼ E
(
δ
a
)2
(5.18)
Accordingly, the critical δ for the wrinkle-to-fold transition should scale as:
δc ∼ 2
3
h3/10a4/5 (5.19)
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From figure 5.5 we know that P scales linearly with δ, therefore we expect Pc ∼ h3/10
as well. These scalings are consistent with experiments (Figure 5.6).
Figure 5.6: Critical load vs thickness. A plot of the critical force and critical displacement
for the wrinkle to fold transition, Pc and δc versus the film thickness, h. The dashed lines
represent a scaling of h3/10.
5.4.3 Impact of a Fold on the Remaining Wrinkles
The strain localization from the onset of a fold changes the wrinkle wavelength
of the remaining wrinkles on the film. Before folding, but after the initial onset
of wrinkling, N remains at a constant value, independent of displacement, as pre-
dicted by equation 5.15. At δc, the onset of the wrinkle-to-fold transition, the wrinkle
wavelength decreases. This decrease in the wrinkle wavelength is different than the
wrinkle-to-fold transition under uniaxial deformations, where only the wrinkle ampli-
tude decreases upon folding. Under axisymmetric conditions, the wrinkle wavelength
decreases, thus implying that the radial stress increases in the surrounding material
upon onset of strain localization. In many ways, this increase in stress is contrary to
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conventional thought since strain localization is often associated with increasing the
energy in only the folded region, and decreasing energy elsewhere. To understand this
Figure 5.7: Airy’s Stress Function - Disclination. A schematic of two opposing stresses
coming from the biaxial strain imposed by the spherical probe, τ , and the surface tension,
γ along with a disclination of length α.
decrease in wavelength, it is important to examine the impact of a fold on the stress
field of the film. One way to do this is to treat the fold as a disclination of length
α as depicted in figure 5.7. Considering a fold as a disclination within the elastic
sheet adds an additional boundary condition of a discontinuity in displacement in
the θ direction. Accounting for this condition, from table 5.1 we note that the stress
function now becomes:
f = Ar2 log r +Br2 + C log r (5.20)
therefore, the radial stress term becomes:
σrr =
∂2f
∂r2
= A(2 log r + 3) + 2B +
C
r2
(5.21)
Since the disclination appears in the θ direction, we can first solve for the constant A
from:
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fθ =
A(κ+ 1)
2µ
rθ (5.22)
where κ = 3− 4ν and µ = E/2(1 + ν). From figure 5.7, we can apply the boundary
condition for when θ = 2pi:
fθ|θ=2pi = αr = A(κ+ 1)
2µ
rθ (5.23)
The remaining two boundary conditions for the radial stress are:
σrr|r=L = −γ =
[
µα
(κ+ 1)pi
(2 logL+ 1) + 2B +
C
L2
]
(5.24a)
σrr|r=a = −τ =
[
µα
(κ+ 1)pi
(2 log a+ 1) + 2B +
C
a2
]
(5.24b)
Using these three boundary conditions, we can solve equation 5.21 for the radial stress
of a film containing a fold as:
σfrr = σ
w
rr + E¯α
[
L2(r2 − a2)
r2(a2 − L2) log(L) +
a2(L2 + r2)
r2(a2 − L2) log(a) + log(r)
]
(5.25)
Similarly, the theta stresses can be determined by using the stress function:
σrr =
∂2f
∂r2
= A(2 log r + 3) + 2B − C
r2
(5.26)
Therefore, the theta stresses of the film are:
σfθθ = σ
w
θθ + E¯α
[
L2(r2 + a2)
r2(a2 − L2) log(L)−
a2(L2 + r2)
r2(a2 − L2) log(a) + log(r) + 1
]
(5.27)
Equation 5.25 dictates that σfrr is always greater than σ
w
rr. Since the number of
wrinkles, N scales as N ∼ (σrr/E)1/4h−3/4, the presence of the fold, or the disclination
in the previously axisymmetric film, will lead to a new number of wrinkles, N ′:
N ′ ∼ N(σfrr/σwrr)1/4 (5.28)
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such that N ′ > N due to the increased stress in the region surrounding the fold.
This increase in the number of wrinkles, demonstrated in figure 5.2, is an important
consequence of axisymmetric boundary conditions. The process of strain localization,
which lowers the global energy of a material system, can lead to regions of increased
stress beyond the folded region itself. This impact on the surrounding stress field
and associated deformation changes (i.e. λ decreases in the non-folded wrinkles) can
impact the development of cells and the general morphology of the morphogenetic
field.
5.4.4 Final Fold Formation
Further confinement in the film as the probe continues to rise after the wrinkle-
to-fold transition eventually causes the remaining wrinkles to collapse into folds, as
depicted in the optical microscopy images in figure 5.2. For a fixed probe size, the
number of final folds appears independent of film thickness and material properties.
A fixed number of folds, 5.5± 1.5, was observed for both PS and PDMS films across
several orders of magnitude of film thickness (Figure 5.8)
5.5 Summary
In this chapter, we discussed the wrinkle-to-fold transition observed by lifting
an elastic sheet from the surface of water. This confinement leads to stationary
wrinkles with an a predictable scaling that collapse into folds above a critical load,
dictated by the film thickness. Understanding the linear and nonlinear behavior of
thin films confined to soft or fluid substrates provides critical insight towards their
use in biological and synthetic soft material environments.
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Figure 5.8: Folds vs Film Thickness. A plot of the final number of folds formed as a
function of film thickness. The total number of folds using a fixed probe size appears to be
approximately constant over several orders of magnitude.
5.6 Open Questions
Understanding the wrinkle-to-fold transition in thin membranes resting on soft or
fluid substrates will have a broad impact within biomechanical systems. It is there-
fore necessary to study this transition under a variety of geometries and boundary
conditions. In this chapter we focus on the wrinkling and folding of axisymmetric
films. To analyze the experimental results we made several assumptions to require
further confirmation. A more detailed understanding of these assumptions, and the
limits of them, will be important for making generalized predictions across many ma-
terial systems. The assumption of a fold acting as a disclination leads to interesting
predictions regarding varying states of stress in the film as well as the radial location
of the onset of folding. Testing these these predictions will give further credence to
the assumptions made in this work. To gain this general understanding, it will be
important to study the impact of the initial geometric and experimental conditions
(e.g. film radius, probe size, probe velocity) on the wrinkle wavenumber and final fold
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formation. With a better understanding of this wrinkle-to-fold transition it will be
of great interest to explore the impact of more complex films (e.g. block copolymers,
embedded nanoparticles, thickness gradients) and substrates (e.g. hydrogels, varied
surface tensions) on this folding process.
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CHAPTER 6
CONCLUSIONS
This work focused on understanding deformation mechanisms and responsiveness
associated with the wrinkling, folding, and snapping of thin polymer films. By tak-
ing advantage of elastic instabilities and geometric strain localization we were able
to develop new strategies for responsive surfaces that will have a broad impact on
adhesive, optical, and patterning applications. This work opens the door for a wide
range of future studies ranging from the strongly applied to the fundamental.
Using lessons from the Venus flytrap, we designed biomimetic surfaces that dynam-
ically modify their topography by snapping between two geometries. The timescale
for this osmotically driven process scales with the square of the film thickness. There
will be much interest in making responsive devices that are smaller and faster, and
pushing the film thickness into the nanometer length scale will address these applica-
tions. This length scale will also foster interesting fundamental questions regarding
the limits of this instability in polymer films as the film thickness approaches the
length scale of a polymer chain. Utilizing the bifurcation of hemispherical shells for
pattern formation and responsiveness also provides a wealth of questions regarding
how the structures on these surfaces interact. The inherent coupling of the struc-
tures makes it possible to design surfaces that have a domino-like trigger, where each
structure impacts the geometry of its nearest neighbors in a predictable way. These
type of active systems will have a broad impact on everything from drug-delivery to
antimicrobial devices.
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The use of crumpling and snapping films in responsive surfaces creates a strong
impetus to scale down the films to sub-micron thicknesses. Therefore, it is important
to understand how these films will behave and accomodate large elastic instabilities.
The deformation and buckling of ultrathin polymer films provided an interesting
look at how films can localize their strain towards the center of the film, creating
a sharp fold. The folding of thin films has a great fundamental importance since it
is difficult to understand how films normally so brittle can accommodate such high
strains. This strain accommodation will be even more fascinating when the polymer
chain architecture is considered, when films as thin as the radius of gyration of the
polymer are deformed and sharply folded. Similarly, we studied the wrinkle-to-fold
transition observed in thin polymer films. By simply lifting an axisymmetric film
from the surface of water we made scaling arguments regarding wrinkle wavelength
and fold formation. Testing the assumptions made in developing these arguments will
allow the work to be applied to broad, general problems, including the biomechanical
impacts of thin membranes resting on soft or fluid substrates.
Understanding how thin polymer films respond to stress is of great importance
for a variety of fields. The wrinkling, folding, and snapping observed here present
just the beginning of understanding and utilizing elastic instabilities to provide rich
industrial applications and probe deeply fundamental questions.
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APPENDIX A
RESPONSIVE SURFACES
A.1 Introduction
A responsive surface is a surface or interface that can dynamically change its
properties or shape in response to a specific trigger, or stimulus. These surfaces have a
great potential for impacting a wide range of applications as they allow for the creation
of dynamic devices. These applications range from release-on-command coatings [6]
and adhesives [3–5,75], on-command frictional changes [34,35], instant modification of
optical properties at an interface [7, 8], rapid response drug delivery [9–11], chemical
sensing [12–14], and antimicrobial devices [76].
A.2 Responsive Systems in Nature
From evolutionary biology to the camouflage of an animal in the wild, nature has
been using responsive systems for millions of years. Scientists have focused a lot of
attention over the years on plants and animals that are able to quickly respond to en-
vironmental changes. The cuttlefish are among the most sophisticated invertebrates
in the animal kingdom because their neurally controlled chromatophores allow the
animal to instantly change its body patterning and imagery to blend with the sur-
roundings [77,78]. Some chameleon species have the ability to change their skin color
as an expression of the physical and psychological condition of the lizard, though not
in response to their surroundings. While the biological implications of these respon-
sive systems are vast, there are similar responses observed in the plant kingdom that
are determined by the geometric and materials properties of the object.
75
Figure A.1: Physical Limitations of Plant Movements. A Figure from Skotheim et al.
illustrating the physical limitations of plant movements as a function of their smallest
dimension [31]. The dashed line represents movements limited by the poroelastic timescale,
while the solid line designates the speed of sound. The plant movements are broken up into
three regions: swelling, snap-buckling, and explosive-fracture.
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Plant movements are hardly thought of as rapid and responsive, but there are
dozens of examples of plants’ nastic, hydraulic movements for pollen emplacement,
seed dispersal, nutrition, and defense. The carnivorous fungus Dactylaria brochophaga
traps nematodes in less than 0.1s by swelling rapidly [79]. The flower stamens of the
bunchberry dogwood use the storage and release of elastic energy to catapult pollen
into the air as the flower explosively fractures [80]. The responsive mechanism of
the Venus flytrap has captured the interest of scientists for centuries, and the closure
of the Venus flytraps leaves has been attributed to a snap-through elastic instabil-
ity [1]. These diverse, nonmuscular, hydraulic plant movements all use the storage
or elastic energy as a way to respond to the environment around them. Skotheim
et al. demonstrated the physical limitations of plant movements, breaking them into
three categories: swelling, snap-through instability, and explosive fracture [2]. These
movements scale with the materials properties and smallest length scale of the plant
(Figure A.1). The swelling and shrinking of a plant occurs reversibly, but is limited by
fluid transport, so it the slowest of these plant movements. Rapid plant movements
that occur faster than the poroelastic time for swelling rely on elastic instabilities.
While explosive fracture is the fastest possible movement of this type, it is not re-
versible. The rapid response of a snap-through elastic instability (∆t < 0.1s) and
its reversibility make it a unique movement which will greatly impact the design of
responsive materials.
A.3 Synthetic Responsive Systems
A.3.1 Bulk Property Change
Scientific advancements have consistently built upon inspirations from nature to
create smart, responsive materials, [15,81–87], while not necessarily using mechanisms
from the natural world. A smart material typically refers to a material with intrinsic
sensing, actuating, and controlling capabilities in its microstructure [15]. Shape-
memory materials are one of the major examples of smart composites because of
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properties including the shape-memory effect, pseudo-elasticity, high damping capac-
ity, and adaptive properties due to reversible phase transitions [15]. Shape-memory
materials will exhibit a predetermined response after sensing a change in the envi-
ronment around it, such as thermal, mechanical, magnetic, or electrical stimuli. This
allows the tuning of materials properties like shape, adhesion, and friction in response
to environmental changes. In one recent example, a polymer triple-shape material
which changes between three equilibrium shapes based on the applied temperature
can be seen in figure A.2 [16]. Although shape-memory materials offer unique ad-
vantages in a material’s ability to change shape and property, the response time is
typically on the order of several minutes to several hours.
Figure A.2: Shape Memory Objects. A series of photographs illustrating the triple-shape
effect of two different shape memory objects as the temperature of the system is varied.
Figure was reproduced from Bellin et al. [16].
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Figure A.3: Enviromentally Responsive Polymer Brushes. A schematic representation of
grafted copolymers that can switch between two different surface morphologies. Figure was
reproduced from Luzinov et al. [17].
A.3.2 Surface Property Change
A.3.2.1 Surface Functionalization
While much of the research for smart materials focuses on bulk material change, a
great deal of work is currently being devoted to tuning the interface for specific appli-
cations, including wetting, adhesion, adsorption, and lubrication. This focus on the
surface properties of a material has lead to the development of materials where the
interfacial properties can be reversibly tuned in accordance with environmental stim-
uli [17]. Functionalization of the materials surface (e.g. polymer brushes) can lead to
an environmentally responsive material where the interface responds to environmen-
tal changes, but the bulk remains unchanged. Environmentally responsive polymer
brushes have been synthesized for applications such as permitting selective adhesion
on a surface to allowing reversible switching of grafted chains to change optical prop-
erties (Figure A.3) [17]. This has been done at the surface-to-air interface [17], at an
aqueous interface [88], and on colloidal particles [18]. The ability to graft optimal,
responsive polymer chains on a surface for a particular application allows tunable,
adaptable surface properties. A notable drawback of these environmentally respon-
sive polymer brushes is their inability to change global surface properties over a fast
time scale.
A.3.3 Geometry & Topography
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Along with manipulating the surface chemistry of a material to achieve respon-
siveness, many research groups have worked on creating surface microstructures that
can respond to stimuli. Microelectromechanical systems (MEMS) is one example of
microstructures that can range from pressure sensors to optical switches [8, 89, 90].
Recent advances have been made in developing microlenses that can adapt to environ-
mental conditions around them by changing focal length [7,8,83,91]. These responsive
microlenses have found wide use in photonics, optical displays, and biomedical sys-
tems.
Figure A.4: MEMS Optical Switch. A schematic with photographs illustrating an adap-
tive microlens where the meniscus height and concavity at the water-oil interface can be
varied via microfluidic channels. Figure was reproduced from Dong et al. [7].
Adaptable hydrogel microlenses have also been used in protein detection by mon-
itoring the hydrogel swelling due to protein-ligand interactions [83]. This process
is reversible and has been observed on small length scales (microlens radius: 2µm),
though the swelling process is not rapid. Microlenses with switchable concavity have
been developed by working with the surface tension at a liquid-liquid pinned inter-
80
face [7]. In this example, the meniscus of an oil-water interface is used as an optical
lens whose focal point can be changed from -8 to +8 (divergent and convergent) by
changing the curvature of the meniscus (Figure A.4) with a stimuli-responsive hydro-
gel [7]. This process is reversible, but is limited in size (microlens radius: 1mm), and
timescale (tens of seconds).
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APPENDIX B
ADHESION AND RELEASE MECHANISMS FOR
NANOIMPRINT LITHOGRAPHY
B.1 Introduction
The ability to efficiently fabricate controlled geometric structures on material sur-
faces is important for numerous industries. Most directly, the development of this
technology has been driven by the semiconductor industry for integrated-chip fabrica-
tion. Imprint lithography provides a simple and economical way to transfer nanoscale
topographic features over large macroscopic areas via physical templating. Nanoim-
print lithography (NIL) works to replicate patterns by mechanically deforming a poly-
mer material using a hard mold with nanoscale features on it. This simple process
has demonstrated the replication of features on the order of 10nm in a low cost and
high throughput manner. The mechanical and surface properties unique to silicon-
based polymers offer a material advantage in several aspects of imprint lithography,
yet these same properties also challenge the use of these polymers for true nano-scale
imprinting. One of the most common challenges with NIL is accurate pattern transfer
from the template to the substrate. Defects generated during this pattern transfer
process slow the replication process by requiring the template to be cleaned before
imprinting can continue. Addressing this issue requires the development of optimized
nanoimprinting materials. The objective of this project was to understand the effect
of modulus on the release mechanism of various siloxanes provided by Dow-Corning
by quantifying their modulus, their adhesion to an imprint material, and the effect of
a pattern on the release mechanism. We investigated these issues using two custom-
built instruments and our experience in adhesion characterization.
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B.2 Experimental
B.2.1 Contact Adhesion
To determine the adhesion properties, we ran Johnson, Kendall, and Roberts-
type (JKR) measurements on non-patterned surfaces. Specifically, we characterized
cured, non-patterned surfaces of four siloxanes (Dow Corning formulations: AB, AC,
W , and Z) and Sylgard 184 with an uncoated, fused silica probe. This experiment
allowed us to determine the siloxane’s cured modulus while also comparing the overall
work of adhesion and interfacial energy release rate to an inorganic surface, similar
to a surface used for templating imprinting ”daughters”. Each sample was cured at
70C for 18 hours at the crosslinker/prepolymer ratio recommended by Dow Corning.
The crosshead displacement rate for all experiments was fixed at 0.86µm/s, and each
contact adhesion experiment was conducted three times for statistical confidence.
The moduli data is presented in figure B.1
B.2.2 Smooth Nanoimprint Lithography
Using a custom built imprinter we performed in situ monitoring of the force and
displacement history during the imprinting process (Figure B.2). To understand the
basic release properties of each imprinted siloxane we first ran imprinting experiments
on the five non-patterned siloxanes. With our current setup the siloxane template
is connected to the inverted nanopositioner and load cell and the UV light source is
located above the Norland optical lens to ensure that the volume of acrylate (50nL)
and the intensity of light curing the acrylate sample during each experiment are kept
constant (Figure B.4). Due to a tensile force that develops during the cure process
(discussed below) it is important to keep the separation distance of the acrylate and
the Norland lens fairly constant in order to prevent premature separation between
the partially cured acrylate and the siloxane surface. We keep this distance constant
by ensuring that our contact area and volume for each sample were kept constant.
The force vs. time graphs for each imprinted, smooth siloxane surface are given in
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Figure B.1: Modulus of Siloxanes. A comparison of the siloxane moduli for samples of
Sylgard 184TM (PDMS), AB, AC, W , and Z measured via a contact adhesion test.
Figure B.2: Nanoimprint Lithography Schematic. A schematic of the experimental setup
for running imprint lithography experiments. A droplet of a photocurable monomer is
placed on the substrate and then brought into contact with the spherical probe. The
monomer is crosslinked by UV light while a load cell measures the force during curing and
separation.
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figure B.3 with a comparison of the maximum force of separation (Pmax) to the energy
release rate (Gsep) for each siloxane given in figure B.6a and b, respectively.
Figure B.3: Force vs Displacement Graphs for Dow-Corning Samples. The force P vs
displacement δ graphs for the four Dow-Corning samples AB, AC, W , and Z as well as
Sylgard 184TM
B.3 Results & Discussion
B.3.1 Smooth Samples
The modulus, work of adhesion, and energy release rate for each non-patterned
surface is given in table B.1, with the moduli values compared in figure B.1. It is clear
from these plots that there is not a direct correlation between Pmax and Gsep. While
both descriptors for samples W , AB, and Sylgard 184 correspond well with each
other, there is a significant discrepancy between Pmax and Gsep for samples AC and
Z, which have the lowest energy release rates. Typically, the maximum separation
force is used to quantify a materials release properties for imprinting applications.
Our results indicate that there is a significant disparity in energy release rate which is
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Table B.1: Contact Adhesion of Flat Surfaces. Results from contact adhesion tests on
unpatterned surfaces.
Sample E(MPa) Wadh(Jm
−2) Gc(Jm−2)
Sylgard 184 2.04 0.076 0.101
AB 40.23 0.164 0.071
AC 33.58 0.436 0.378
W 23.01 0.208 0.227
Z 8.06 0.079 0.140
Figure B.4: Imprint Materials. The acrylate formation used for imprint lithography.
not distinguishable by measuring Pmax alone, and we believe the energy release rate
is a better way to quantify a surfaces adhesive, or release, properties.
Gsep =
3P 2sep
32piEa3max
(B.1)
B.3.2 Tensile Force During Cure
In all the imprint experiments, a tensile force develops immediately upon UV
illumination. This tensile stress is attributed to the volume shrinkage of the acrylate
film as it photopolymerizes. Our imprinting system is mechanically equivalent to a set
of springs connected in series with each of the four components (superstrate, polymer
film, template and substrate) having a unique compliance C, which is inversely related
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Figure B.5: Smooth Imprint Lithography Results. Force vs time graphs from the smooth
imprint lithography experiments for nonpatterned siloxanes.
Figure B.6: Smooth Imprint Lithography Results - Pmax & Gc. a. Maximum separation
force of the non-patterned surfaces from figure B.5, b. and the corresponding energy release
rates for each material calculated from equation B.1.
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Figure B.7: Tensile Force During Cure. Imprinting data for a pattern with feature diam-
eter and spacing of 10µm for two velocities: 5µm/s (Top) and 100nm/s (Bottom)
to the materials elastic modulus E¯ and the cross-sectional radius a. Upon curing, the
monomer solution polymerizes which results in a decrease in volume V0, and a curing
stress develops as a consequence. As the components are connected in series, they
all experience the same curing force Pcure, but a different degree of deformation.
The deformation due to the curing stress δcure is expressed as the sum total of the
deformation experienced by the other three components.
δcure = δsubstrate + δtemplate + δsubstrate (B.2)
This deformation is a function of the load that developed during curing and the
compliance of the system such that:
δcure = Pcure(Csuperstrate + Ctemplate + Csubstrate) (B.3)
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Due to the planar geometry, the volume shrinkage primarily causes a reduction in the
original thickness of the polymer film hmonomer. The value of δcure is the product of
the volumetric strain ∆V/V0 and hmonomer.
δcure =
∆V
V0
hpolymer = εpolymerhpolymer (B.4)
Substitution of equation B.3 into equation B.4 and solving for Pcure allows us to relate
the curing force to the volumetric strain of the polymer film:
Pcure =
2a(hpolymer)(εpolymer)
1
E¯superstrate
1
E¯template
1
E¯substrate
(B.5)
In instances where a soft template is used, the compliance of the template Ctemplate
is significantly greater than the other components, this simplifies equation B.5 by
relating Pcure to the 3 adjustable parameters: 1) hpoly which is initial thickness of the
monomer solution, 2) εpoly which can be controlled through the chemical formulation
used (i.e., type of crosslinker) and 3) E¯template:
Pcure ∼ a(hpoly)(εpolymer)(E¯template) (B.6)
B.3.3 Patterned Imprinting
Our goal is to link material properties that inherently dictate the adhesion and
release of the siloxane-based materials to their performance in the imprinting process
by comparing the release properties of the acrylate from the smooth siloxane surface
to the patterned siloxane surface. We have designed a mask for photolithography
that varies feature size and spacing from 1µm to 10µm. By using photolithography,
we will replicate these features onto each polymer’s surface and perform the same
imprinting process that we performed on the non-patterned surfaces. Due to pattern
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Figure B.8: Effect of Pattern and Velocity on Pmax. a. Effect of a pattern on the maxi-
mum separation force Pmax measured during monomer curing. The results from from the
imprinting experiments suggest a small decrease in Pmax for the patterned samples com-
pared to smooth substrates. b. A similar trend in Pmax is observed when comparing imprint
experiments run at velocities of 5µm/s and 100nm/s on patterned substrates.
transfer difficulties, we tested the effect of a pattern with a feature diameter of 10µm
and a feature spacing of 10µm on samples 184, AB, and W . The force vs. time
graphs for these experiments are given in Figure B.7.
To determine the effects of the pattern on the release of the siloxane we first com-
pared the maximum separation forces for the smooth and patterned surfaces (Fig-
ure B.8a). There is a slight decrease in maximum force for each patterned siloxane
when compared to its smooth Pmax value. Although there appears to be a correlation
between the pattern and a decrease in the maximum separation force, it is not clear
that these effects are not simply due to the edge effects that occur as the crack propa-
gates across the interface between the smooth surface and the edge of the pattern. By
being able to isolate the monomer droplet to the patterned region, either by a smaller
droplet volume or a larger patterned region, we would be able to better determine
whether or not this decrease in the maximum separation force is due to the pattern.
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Figure B.9: Images of Imprint Lithography. Following the separation of the cured acrylate
from the siloxane surface (from top left to bottom right) allows the observation of crack
propagation across the patterned region.
Another way we studied the mechanism of separation of the cured acrylate from
the patterned siloxane was by varying the rate of separation. As shown in figure B.8b,
there is a clear dependence of the maximum separation force on the separation ve-
locity. By varying this separation velocity we were able to capture the separation as
the crack propagated across the patterned region (Figure B.9).
B.4 Summary
Over the course of this study we were able to demonstrate a unique characteriza-
tion technique for the fundamental study of nanoimprinting release. We illustrated
how measuring the maximum separation force alone is not a true indication of the
material’s release properties for imprinting applications; it is important to quantify
the energy release rate for the material. We discussed the effect of the material’s
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modulus on the tensile stress that builds up during the cure process and how it is
important to accurately control the separation distance between the template and
the lens in order to prevent a premature separation of the acrylate and the siloxane
while the acrylate is only partially cured.
The study of pattern effects revealed that patterns may cause the maximum sep-
aration to decrease from that of the non-patterned surface, though further studies in
this area would need to be completed to confirm this. It is also important to note
the dramatic separation velocity dependence we saw when separating from the pat-
terned siloxane surfaces. Separating the acrylate from the siloxane at velocities as
low as 100nm/s allowed us to capture the release as the crack propagated across the
patterned surface.
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